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Abstract—As a consequence of general hypoxaemia evoked experimentally by bilateral pneumothorax, 
brain oedema of vasogenic type developed in newborn piglets after 4h surxival. Histamine receptor 
antagonists, mepyramine (H,-receptor blocker), metiamide. eimetidine and ranitidine (H.-receptor 
antagonists) were administered either intraperitoneally or intrathecal!} to check to what extent the 
formation of brain oedema could be reduced. Mepyramine and ranitidine decreased the accumulation of 
water, sodium and albumin in the parietal cortex. By measuring the concentration of histamine, the 
presence of a histamine pool was demonstrated in the cerebral microvcssels. 
The results suggest that histamine, if released upon hypoxic injury from the microvascular store, can 
take an important part in the development of vasogenic brain oedema. 
The cerebral endothelial cells play a fundamental role 
in the function of the central nervous system by 
regulating the transport of certain substances 
through the blood-brain barrier. In our previous 
studies, performed on guinea-pigs and rats, we found 
an activation by histamine and hypoxaemia of the 
adenylate cyclase enzyme in the cerebral micro-
vessels.10" Parallel with this, the rate of pinocytosis. 
the exudation of serum albumin and the synthesis of 
prostacyclin and prostaglandins were also in-
creased.7-'-910 It is known from other studies that the 
stimulated transport of water and albumin is typical 
for the brain oedema of vasogenic type ." 
The occurrence of hypoxaemia due to pneumo-
thorax is far more frequent in infants than in any-
other period of life." The correlation between pneu-
mothorax and the damage to the central nervous 
system has been investigated by several au-
t h o r s . " 1 4 " " Newborn piglets are widely used in 
animal experiments as the best species for studying 
the perinatal period of humans.J-6 : i " - 4 ' 
In our present study, we wanted to clarify the role 
of histamine in the pathogenesis of brain c>edema 
induced by pneumothorax in newborn piglets. For 
this reason we tested the possibility that the extent of 
brain oedema formation could be reduced by hista-
mine receptor antagonists. On the other hand, the 
content of histamine in cerebral microvcssels was also 
measured to show whether endothelial cells in the 
brain could also serve as a pool of this vasoactive 
substance. 
experimental procedures 
For the experimental model of brain oedema, induced by 
pneumothorax."-4" altogether 73 newborn piglets (either sex. 
31 
t000-13lX> g) aged between 3 and 6h of life were used. 
L'nder general anaesthesia with Ketanest (ketamine hydro-
chloride). 10 mg kg body weight i.m.. the animals were fixed 
in a position lying on their backs. Under local anaesthesia 
(1.0ml of 1% lidocaine hydrochloride, both sides) chest 
tubes (Intermedicut catheter kit. l-4-gauge) were inserted at 
the fourth intercostal space in the mammary line. The depth 
of tubes in the pleural cavity was 0.5 cm. The tubes were 
connected to a high-pressure air-cylinder through a 
buffering rubber anaesthetic baloon. Pneumothorax was 
produced bv constant air flow coming from the cylinder. 
The pressure was regulated by an Ambu PEEP valve and 
checked by a manometer. At the start, a minimum pressure 
of -f 0.05 kPa w-3s applied for 10 min. The pressure was then 
increased gently to —0.3 kPa and was kept at this level 
continuously for 30 min. The body temperature was moni-
tored and regulated between 38 and 39"'C. Arterial blood 
gases and acid-base balance were analysed with an analyser 
(Radiometer. Copenhagen), using the method of Astrup el 
atAt the critical state (30-40 min after the onset) the 
extra-alveolar air was drained from the pleural cavity and 
the chest tubes were withdrawn. Then the animals were 
caged under normal laboratory circumstanccs for the suc-
ceeding 4 h. 
For testing the effect of histamine receptor blockers, 
mepyramine maleate (H,-receptor antagonist) as well as 
metiamide. eimetidine and ranitidine (H:-rcceptor antago-
nists) were used. These substances, in Krcbs-Ringer buffer 
(pH 7.4). were injected i.p. 4. 2 and 0 h before the onset of 
pneumothorax, each lime at a dose of 5 mg/kg body weight. 
In some animals, the receplor blockers were injected intra-
ihccally into the cerebrospinal fluid. In this group. 0.3 ml of 
cerebrospinal fluid was drawn off and then drugs were 
iniex'ted in 5 mg kg concentration in the same xolume. 
Metiamide could no: be dissolxed in the above x-olume and 
concentration, therefore only mepyramine. eimetidine and 
ranitidine were usee ir. this way. They were dissolved in 
arterial cerebrospinal fluid.4 This solution was also used as 
control for [he intrathecal treatment. 
At the end of 4 h survival, the animals were killed with 
2 nv.no! kg KC1. ar.J materials «ere taken for the meas-
urements of water. electrolytes and Exans Blue (6-6 pieces 
of the parietal cortex from cicry animal). 
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Tabic I. Arterial blood gases and ucid-basc status ol° newborn piglets at the critical phase of pneumothorax 
1 
HCOj" pCO, pO, 
pH • (mmol/l) (kPaj (kPa) 
Control (without pneumothorax) (n = 5) 7.43 ±0.13 26.2 + 4.2 5.1 ±2.0 10.1 + 1.0 
Without prctreatment (n = 5) ' 7.04 ± 0.09* 17.8 ±4.6* 13.0 ±4.0* 3.1 ±0.8* 
Intraperitoneal!}' 
Mepyramine (n = 5) 7.07 + 0.10* 15.2 + 3.1* 14.2 + 4.2* 2.9 + 0.9* 
Ranitidine (n = 5) 7.12 ± 0.14* 18.2 ±3.5* 11.2 ±3.4* 3.5 + 0.7* 
Metiamide (n = 5) 7.03 ±0.13* 12.1 +4.4* 14.3 + 4.7* 3.6 ± 1.1* 
Cimetidine (n = 5) 7.15 ± 0. II * 17.2 ±3.8* 12.1 +3.9* 2.7 + 0.8* 
Buffer (n = 5) 7.08 ± 0.09* 13.2 ±3.2* 11.5 ±4.2* 4.2 ± 1.2* 
Intrathecally 
Mepyramine (n = 5) 7.18 + 0.11* 18.4 ±4.9* 10.3 ± 3.9* 2.4 + 0.9* 
Ranitidine (n = 5) 7.15 + 0.13* 17.5 + 4.9* 11.6 ±4.7* 3.6 ±0.8* 
Cimetidine (n = 5) 7.10 + 0.12* 13.9 ±2.7* 12.4 ±3.7* 3.8± 1.1* 
Artificial cerebrospinal fluid (n = 5) 6.99 ±0.10* 11.8+4.1* 12.9 ±4.2* 2.9 ±0.8* 
Values are mean ± S.D. 
*P < 0.01 compared to the control group. 
RESUt.TS 
At the end of the experiments, bilateral pneumo-
thorax induced changes in blood gases and acid-base 
status typical of hypoxia. The symptoms of this 
critical phase were bradycardia, gasp type of breath-
ing and severe acidosis. There were no remarkable 
differences between the laboratory parameters of 
newborn piglets treated with different receptor antag-
onists. The parameters of acid-base status in every 
group was significantly different from that of the 
control values (Table I). The time needed to reach the 
critical symptoms (30-40 min) was also rather similar 
in the groups. 
The effects of histamine receptor blockers on the 
brain water, sodium and potassium content is demon-
strated in Table 2. Mepyramine injected either ¡.p. or 
intrathecally in 5 mg kg concentration reduced the 
water content of the brain, and when administered 
intrathecally. the concentration of sodium, as well. Of 
the H-receptor antagonists used, ranitidine, regard-
less of the route of administration, was able to 
prevent oedematous swelling and reduccd also the 
increased accumulation of sodium after intrathecal 
injection. Among the effective drugs mepyramine was 
more potent, when given i.p. In contrast, ranitidine 
was a more effective inhibitor of the developing brain 
oedema, when injected intrathecally. decreasing the 
content of water typical for oedema (P < 0.01). There 
was no remarkable change in thé concentration of 
potassium in the experimental groups. 
Similarly to the results obtained by determining 
water and electrolytes, mepyramine and ranitidine 
could also prevent the leakage of scrum albumin from 
the blood into the brain (Table 31. The other hista-
mine receptor blockers were not tested in this experi-
ment. 
Detectable histamine concentration in the 
capillary-rich microvessel fraction was found in all 
the three spccies. The content of histamine in the 
isolated brain microvessels in rat was significantly 
higher than in those of guinea-pig and newborn 
piglets (Table 4). 
Bruin tissue water, smiium ami potassium determination 
. The water content of tissue was calculated by weighing 
the samples before and after drying at I IO C for 40 It. This 
was followed by ashing at 550 C for 20 h. after which the 
ash was dissolved in 5 ml of 3 mmol I UNO, and diluted 
10-fold with deionized water. Sodium was determined at 
330.3 nm and potassium at 404.4 nm with a Perkin-Elmcr 
306 atomic absorption spectrophotometer in an 
air-acetylene flame. 
Measurement of Evans Blue content in the brain tissue 
For the photometric determination of serum albumin, the 
method of Rossner and Tempcl'* was applied. The animals 
were given 2 ml/kg body weight of 2.0% Evans Blue dye I h 
before the onset of pneumothorax. At the end of the 
experiment, the intravascularly localised dye was removed 
by perfusion with Krcbs-Ringer buffer tpH 7.4) through the 
left heart ventricle (800 ml). Then the samples were weighed 
and homogenized in 50% Trichloroacetic acid. The hom-
ogenate was ccntrifuged at 12.000 rpm for 10 min in an 
Eppendorf bench centrifuge. The concentration of Evans 
Blue in the supernatant was measured with an Unicam SP 
IS00 spectrophotometer at a wavelength of 615 nm. 
Determination of the histamine content in the microvessel 
fraction isolated from the brain 
Brain capillaries were prepared from three newborn pig-
lets and 20 rats as well as 10 guinea-pigs according to the 
method of Job and Kamushina.31 The purity of the fraction 
was tested under the light microscope after staining with 
Toluidine Blue as described earlier.1' The concentration of 
histamine in the samples was measured by using the radio-
enzymatic method, described by Beaven and Horakova.3 
Histamine-yV-methyltransferase. the enzyme that converts 
histamine into a stable metabolite, methylhistamine. in the 
presence of ['HJS-adenosyl methionine, was prepared from 
rat kidney according to the method of Shaff and Beaven.'" 
The protein content of samples was determined according to 
Lowry et al* Statistical analysis was performed by the 
Student's r-tcst. 
Materials 
Mepyramine maleate was obtained from the Specia Com-
pany. metiamide. cimelidine from Sntah. Kline and French 
Laboratories (Welwyn Garden. L'.K 1 and ranitidine from 
the Glaxo Research Group (Ware. I" K.) as generous gifts. 
K.etamcst was from Parke-Daxis. lidccaine hydrochloride 
from EGIS (Budapest. Hungary) and Evans Blue from 
Sigma (St. Louis. L' S.A.). All other chemicals were of 
analytical grade. 
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Table 2. The eflect of histamine receptor antagonists on the brain water, sodium and potassium 
' content in experimental pneumothorax, measured 4 h after the critical phase 
Water Na f K + 
(%) (minol/kg dry weight) (mmol/kg dry weight) 
Control (ii = 4) 83.84 +0.88 271.4 ±22.4 467.2 ±27.1 
Pneumothorax only 
( n = 4 ) 86.64 +0.77 329.6 ± 24.0 482.8 ± 32.0 
Mepyramine 
i.p. (« = 4) S4.40 + 1.04* 323.0 ± 16.2 472.1 ±35.6 
i.th. (it = 4) S5.69 + 0.75* 294.9 + 35.3' 464.6 ± 44.6 
Ranitidine 
i.p. (h = 4) S5.3I ±0.51* 316.1 ±12.2 , 496.7 ± 39.3 
i.th. pi =4) 84.95 ±0.49* 296.0 ± 29.6* 474.0 ± 40.0 
Mctiamidc 
i.p. (h = 4) 87.48 + 1.92 307.5 ± 38.2 508.9 ±41.3 
Cimetidine 
i.p. (il = 4) 86.32 + 1.09 312.0 ±411.1 456.8 ± 39.9 
i.th. (h = 4) 86.20 + 0.75 329.5 ± 16.7 486.5 ± 37.5 
Values arc mean ± S.D. 
*P <0.01 compared to the group "pneumothorax only". 
DISCISSION 
The experimental pneumothorax in newborn pig-
lets described first by Temesvári et a/.4'-42 is a new. 
useful model for inducing brain oedema in the peri-
natal period. In our experiments, the onset and 
symptoms of critical phase were similar to those 
observed earlier.4 ' As has been described, shortly 
after the end of pneumothorax, brain oedema of 
cytotoxic type develops.41 Four hours af ter recovery, 
the brain oedema showed a tendency of turning into 
vasogenic type. This was revealed by detecting the 
increased permeability of serum albumin across the 
blood-brain barrier.4-' This change in the type of 
Table 3. The effect of mepyramine and ranitidine on 
the extravasation of serum albumin into the brain, 
measured 4 h after the critical phase 
Control = 3) 
Mean, ± S.D. 
0.10 ±0.10 
Pneumothorax onlv hi = 3) 0.48 ±0.11 
Mepxraminc 
•P- Ói = 3 > O.U±O.OS* 
i.th. ' fii = 3) 0.11 +().()"• 
Ranitidine 
i.p. (il = 3i 0.15 +0.03* 
i.th. I" = 31 0.10 ±0.09* 
•/'•s.O.OI compared to the group "pneumothorax 
only". 
(Evans Blue concentration, .ng.g wet weight.) 
Table 4. Concentration of histamine in brair. 
.microvessel fraction (pmol mc protein) 
Mean ± S.D. 
Rat (/i = 20) US ± 5 
Guinea-pig (n = 10) I15±-i* 
Newborn piglet pi = 3) 5c ± -* 
Values are mean + S.D. of 3- 5 3 capillar. 
preparations. 
* / '<0 .0 l compared to the xa'.ue obtained 
from rat. 
brain oedema is not unusual and has been described 
by others in several experimental models." :4-37-45 
In the present study the receptor blockers were 
used in doses identical with those which we used in 
earlier experiments, which are in good agreement 
with the effective in viro doses described by Gross et 
a / . 1 6 " Among the. investigated drugs, mepyramine 
and ranitidine were found to diminish the accumu-
lation of water, sodium and albumin in the cerebral 
cortex. 
Mepyramine as H,-receptor blocker has been used 
for a long time but ranitidine is one of the more 
recent and important discoveries in this field.5 It is 
more potent than cimetidine in inhibition of gastric 
acid secretion and induces fewer side effects."40 In our 
experiments, ranitidine was more effective in pre-
venting brain oedema formation if it was injected into 
the cerebrospinal fluid. This is in good agreement 
with the observation of Martin et a/.,30 who found 
that ranitidine docs not penetrate the intact 
blood-brain barrier. On the other hand, this drug 
was found in the cerebrospinal fluid of patients 
sutfering from neurological illnesses.44 This suggests 
that it can pass the damaged barrier, and can explain 
why. in our experiments, ranitidine was also effective 
when injected i.p. It is known that mepyramine, being 
a lipid-soluble molecule, easily penetrates the b lood-
brain barrier," and may also act on H,-receptors 
being present in mast cells or neurons on the "brain 
side" of the barrier. 
Our present data, obtained by using a new model 
lor brain oedema, confirm the hypothesis that hista-
mine is not only able to increase the transport across 
the barrier but that its liberation also occurs under 
pathological circumstances resulting in brain oe-
dema. Thus, the development of brain oedema can be 
inhibited with histamine receptor antagonists. In 
another experiment Rioux et <i/.3f demonstrated th.tt. 
after ir.tracarotid administration of neurotensin, 
brain oedema developed together with a significant 
increase of histamine concentration which was meas-
E. Dux et ni. 
urcd in'samples from (he jugular vein. Hislaminc is 
presumably only one of the potent regulators of 
permeability in cerebral mierovessels. Among the 
other suhstances,w"U-4 ' ' it certainly takes part in the 
development of the pathological alterations induced 
by hypoxacmia. 
If the efficacy of histamine in the pathogenesis of 
brain oedemas is accepted, the question remains 
whether this vasoactive substance occurs only in the 
mast cells, as suggested by Kobayashi ct til..:l or 
whether it is present in the mierovessels. as well.:" In 
our microvcsscl preparations in which capillaries arc 
in a majority.- ' we can be sure that histamine is also 
localized within the cerebral endothelial cells. Inter-
estingly. the mierovessels prepared from rats con-
tained histamine in a higher concentration than those 
from guinea-pigs and newborn piglets. This may be 
the reason why cerebral mierovessels of the rat are 
less sensitive to histamine than those of guinea-pigs 
in respect of activation of adenylate cyclase and 
development of experimental brain oedema (un-
published observation). 
Our results together with the observations of Joó 
et al..~ Palmer'-' and G r e e n " ' underline the im-
portance of "non-neural-non-mast cell" histamine'2 
in demonstrating the presence of a histamine pool in 
the cerebral endothelial cells of newborn piglets. The 
results also suggest that therapeutic testing of rani-
tidine in the prevention or treatment of some brain 
oedemas may be worthwhile. 
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Treatment with histamine receptor antagonists 
of ischemic brain edema 
'F. Jöó, lJ. Kovács, 3P. Szerdahelyi, 'P. Temesvári, 'A. Tósaki 
Summary 
As a consequence of general hypoxemia evoked 
by bilateral experimental pneumothorax (BEP), 
brain edema developed in newborn piglcLs afler 
4 h survival. To check to what extent the forma-
tion of brain edema could be reduced with 
histamine receptor antagonists, mepyramine 
(11,-rcccplor antagonists), metiamide, cimcti-
dinc and ranitidine (Il2-rcccptor antagonists) 
were administered 4,2 and 0 h before the onset 
of pneumothorax at a dose of 5 mg/kg body 
weight. Mepyramine and ranitidine given 2 ii 
before die induction of BEP pre vented the accu-
mulation of water, sodium and albumin in sam-
ples taken from die parietal cortex. 
In other experiments, carried out on 
Sprague-Dawlcy rats of CFY strain after per-
manent bilateral common carotid ligation 
(BCCL), die accumulation of water and sodium 
in the ischemic brain tissue could also be pre-
vented in a dose-dependent manner by intrape-
ritoneal injections of ranitidine given 30 min 
before die surgery. 
Taken togcdicr, these results provide phar-
macological evidence for the involvement of 
histamine receptors in the pathogenesis of brain 
edema. Consequently, the use of histamine 
receptor blockers both in die prevention and in 
the treatment of brain edema can be recommen-
ded. 
Introduction 
The unique feature of intact microvessels in the 
brain is the apparent absence of macromolecu-
lar transport. The results of several studies 
performed in die last dccadcs (Lajllia and Ford, 
1968; Oldcndorf, 1977) have confirmed un-
equivocally the original observation of Paul 
Ehrlicli (1885) indicating the existence of a 
peculiar permeability barrier, termed as die 
"blood-brain barrier", which can restrict the 
ficc permeation of solutes and prevent the entry 
of macromolccules to the brain. 
The results of different experimental inter-
ventions carricd out to produce brain edema 
have clearly shown, however, dial die macro-
niolccular transport can be activated in brain 
microvessels (Sonkodi etal., 1970; Joo, 1971; 
VVcstcrgaard and Brightman, 1973; Joo, 1986) 
and this is accompanied by an increase of 
pinocytotic activity of die endothelial cells. 
These results have already indicated that, in diis 
peculiar case, the macromolccular transport 
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was not missing from (lie brain micro vessels 
but rather it was inactive or suppressed under 
normal conditions and could !>c activated by 
experimental and pathological circumstances. 
However, the ccllular mechanisms, by means 
of which this activation of macromolccular 
transport is realized, have remained to Ix; eluci-
dated. 
It is well known that histamine, among other 
endogenous vasoactive substances, increases 
the permeability of peripheral capillaries, and 
so lakes an important part in the development of 
edema in the peripheral tissues. Although phar-
macological data have undoubtedly suggested 
the sensitivity of cerebral arteries to histamine 
(Edvinsson and Owrnari. 1975), there were ra-
ther controversial opinions in the literature as 
regards the hypothctizcd effect of histamine on 
brain capillaries (Broman and Lindbcrg-Bro-
man, 1945: Földes and Kelcntci, 1954; Ashton 
andCunha-Vaz, 1965; Weslcrgaardand Bright-
man, 1973; Wolff et al„ 1975; Gross ct a!., 
1981). 
Hie aim of our studies was to establish with 
certainty the effccl of histamine on the perme-
ability of cerebral endothelial cells, and to re-
veal the molecular mechanisms involved in the 
mediation of histamine cffccts. Furthermore, 
we wanted to clarify the role of histamine in the 
pathogenesis of brain edema and see in what 
circumstances histamine receptor antagonists 
could be used in the treatment of brain edema. 
Materials and methods 
Two animals models were applied in tins study 
tochcck the possible effects of histamine recep-
tor blockers on ischemic brain edema. 
1. Induction or brain edema in neonatal 
piglets by, cardiovascular collapse 
In our experiments 36 newborn piglets (either 
sex - birth weight: 1460 gl aged Kuween 
3 and 8 h of life were included. Under general 
(ketaminc-hydrochloride, KcianestlP, Parke-
Davis, 30 mg/kg b.wt.; i.m.) and local (lidocai-
ne-hydrochloridc, HG1S, Budapest, 1.0 ml, 
I.0vol%; s.c.) anesthesia die animals were 
tracheolomizcd, intubated (Portcx 2.5-3.0 
tubes), paralyzed (pipccuronium bromatum, 
Richter Gedeon, Budapest, 0.2 mg/kg b.wL/h; 
i.v.) Artificial ventilation was applied (tidal 
volumes: 9-14 ml; Fi02: 0.21; frequency: 30-
50/min) to reach physiological arterial blood 
gases (measured by an automatic analyser -
Radiometer A BE 330, Copenhagen) and car-
diovascular parameters (mean anlcrial blood 
pressure, heart rale) were monitored. Bilateral 
experimental pneumothorax (BEP) was pro-
duced through indwelling intrapleural drains 
according to the method of Temesvári et al. 
(1984a, b). The intrapleural pressure applied 
was 0.1-0.7 kPa in an increasing manner for 
inducing the critical phase of the experimental 
disease (severe arterial hypotension, bradycar-
dia, hypoxemia, hypercapnia, acidosis). The 
parameters of artificial respiration remained 
the same as before the induction of BEP. At the 
critical slate (70-100 min after the onset) the 
intrapleural air was suckcd out from the pleural 
cavity, and the animals were resuscitated (giv-
ing an intravenous infusion of 8 mM/kg b.wL 
8.4 volfo NallCO, diluted with an equal volu-
me of l 0.0 vol ^ glucose deli vered over 15 min). 
Then we ventilated them further without BEP 
for the following 3 hours. Seven piglets served 
as control; they were sham-operated, received 
no histamine receptor blockers and were venti-
lated without BEP during die whole experimen-
tal period. 
For testing the effect of histamine receptor 
blockers, mcpyrainine maleate (II,-receptor 
antagonist) as well as metiamide, cimetidine 
and ranitidine (H,-reccptor antagonists) were 
used. In each group we studied 4 animals. These 
substances, in Krebs-Ringer buffer (pH 7.4), 
were injected i.p. 4, 2 and 0 h before the onset 
of pneumothorax, each time at a dose of 5 nig/ 
kg body weight. At the end of 4 h survival, the 
animals were killed with 2 mmol/kg KCI, and 
materials were taken for the measurements of 
water. elcctroKlcs and Evans Blue (6-6 picces 
of the parietal cortex from every animals). 
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2. Induction of ischemic brain edema in 
Spraguc-Dawlcy rats of CFY strain 
after bilateral common carotid artery 
ligation (BCCAL) 
A closcd colony of randomly bred Spraguc-
Dawlcy female rats of CFY strain weighing 
200-250 g was used, fed with commercial food 
pellets and tap water, like in our prcviouscxpcr-
imerits (Koltai el al.. 1984; Tdsaki el al., 1985; 
Joo ct al.. 1989). During surgery, both common 
carotid arteries were exposed and ligalcd under 
light ether anesthesia. The sham-operated ani-
mals were prepared as were llic ischemic ones, 
but omitting the carotid ligation. Brain ische-
mia was maintained for 4 hours; dicn the ani-
mals were killed in ether anesthesia. 
To test the possible effects, different doses 
(1,5,10 and 20 mg/kg) of ranitidine were given 
intrapcritoneally 30 minutes before BCCAL. 
Measurements of tissue water and ion 
contents 
Brain water and electrolyte contents were de-
termined as previously described (Temesvári ct 
al., 1984; Tósaki et al., 1985). Briefly, brain 
tissue was removed quickly, the wet weight was 
measured, then die samples were dried for 48 
hours at 110cC. After drying, die tissue mass 
was determined, again. Brain water content was 
calculated as a ratio between (wet weight minus 
dry weight) and wet weight and expressed as a 
per ccnL Thereafter, die samples were ashed at 
550°C for 20 hours. The ash was dissolved in 
5 ml of 3 mol/1 nitric acid (Merek. Suprapur®) 
and diluted 10-fold widi deionized water. Tis-
sue sodium was measured at a wavclcngdi of 
. 330.3 nni, potassium was measured at404.4 nin, 
calcium at 422.7 nm in an air-acetylene flame 
with a Pcrkin-Elmcr atomic absorption spectro-
photometer. The slit width was 0.7 mm in all 
measurements. Ion contents determined after 
various treatments were expressed as mmol • 
kg 1 dry weight. 
Measurement or Evans Blue content in the 
brain tissue 
For the photometric determination of exudatcd 
albumin, die mcdiod of Rössner and Tempel 
(1966) was applied. The animals were given 2 
ml/kg body weight of 2.0% Evans Blue dye 1 h 
before the onset of pncumodiorax. At die end of 
the experiment, die intravascularly localized 
dye was removed by perfusion with Krcbs-
Ringcr buffer (pH 7.4) dirough die left heart 
ventricle (800 ml). Then die samples were 
weighed and homogenized in 50% trichloroace-
tic acid. The homogenale was ccnlrifugcd at 
12,000 rpm for 10 min in an Eppendorf bench 
centrifuge. The concentration of Evans Blue in 
the supernatant was measured with an Unicam 
SP 1800 spectrophotometer at a wavelength of 
615 nm. 
Tests of statistical significance 
The mean values for tissue water, Na* and K* 
contents were compared between groups using 
analysis of variance (ANOVA) followed by 
Dunrieit's test (Wallenstein ct al., 1980). The 
values obtained were expressed as die mean ± 
SEM and w ere considered significantly diffe-
rent al p < 0.05. 
Materials 
t 
Kclancst® was obtained from Tarke-Davis, li-
docainc hydrochloride from EGIS (Budapest, 
Hungary). All odicr chemicals w ere of analyti-
cal grade. 
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Results 
1. The effects of histamine receptor 
antagonists on brain edema in neo-
natal piglets indnced by cardiovascular 
collapse, 
Changes in blood gases and acid-base status 
together with the symptoms of different stages 
of ischcmia that developed as a consequence of 
cardiovascular collapse were described in de-
tails earlier (Temesvári el a!.. 1984a; 1984b, 
1990; Ádám ct al., 1987; Dux ct al., 1987; 
Temesvári and Kovács, 1988). The effects of 
histamine receptor blockers on brain water, 
sodium and potassium content are demonstra-
ted in Table 1. Mcpyramine prevented the accu-
mulation of water in the brain tissue but exerted 
no effect on the brain sodium content. Of tbc 
ll2-rcceplor antagonists used, ranitidine was 
able to prevent edematous swelling. Similar to 
the results obtained by determining water and 
electrolytes, mcpyramine and ranitidine could 
also prevent leakage of scrum albumin from the 
blood into the brain (Table 2). 
2. The effects of histamine receptor 
antagonists on brain edema induced by 
BCCAL in Sprague-Dawley rats of 
CFY strain 
Prcischcmic treatments with ranitidine protected 
the brain from the development of ischemic 
brain edema in a dose-dependent manner. Wa-
ter, sodium and calcium contents of the brain 
could be attenuated significantly by higher 
doses of ranitidine (Figure 1). 
Discussion 
The presence of histamine in the ccnlral ner-
vous system has long been revealed (Schwartz, 
1977). The main histamine store in the brain is 
a spccial type of mast cells, which are capable 
of selective release of numerous biologically 
powerful mediators in response to tissue injury 
(for review see Thcoharides, 1990). Moreover, 
the role of histamine in the neurohumoral trans-
mission has also been evidenced (Schwartz et 
al., 1991). 
Prevention of brain edema formation by the 
histamine i preceptor antagonist mctiamide was 
observed previously using other model systems 
(Joo el al., 1976; Sztriha el al., 1987). 
Tal i . 1. I l ic effcct of histamine receptor antagonists on the brain water, sodium and potassium content 4 h after the critical 
phase 
Water 
W 
Na' 
(mmol/kg dry 
K' 
weight) 
Control (n = 4) 83.84 + 0.88 271.4 + 22.4 467.2 ±27.1 
Pneumothorax only (n = 4) 86.64 ± 0.77 329.6 ± 24.0 482.8 ± 32.0 
Mcpyramine (n = 4) 84.4(1 ± 1.Q4* 323.0+16.2 472.1 ±35.6 
Ranitidine (n = 4) 85.31 ±0.51* 316.1 ±12.2 496.7 ± 39.3 
Mctiamide (n = 4) 87.40 + 1.92 307.5 + 38.2 508.9 ±41.3 
Cimetidine (n = 4) 86.32 + 1.09 321.0 + 40.1 456.8 ± 39.9 
Values are mean ± S.D. 
* p < 0.01 compared to die group "pncumodiorax only". 
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T u b . 2. "flic cffpcl of mcpyraminc and ranitidine on tltc extravasation of scrum albumin into the brain, measured 4 h after 
the critical phase 
Mean ± S.D. 
Control (n = 3) 0 .10±0.10 
Pneumothorax only (n = 3) 0.48 ±0.11 
Mcpyraminc (n = 3) 0.14 ±0:08* 
Ranitidine ( n = 3 ) 0.15 ±0.03* 
*p < 0.01 compared to the group "pneumothorax only" (Evans Blue concentration, pg/g wet weight.) 
As regards die molccular mechanisms un-
derlying the histamine-elicited increase of trans-
cndothclial pcnneability we have to refer also 
to the results of our earlier studies. Histamine 
was found to increase significantly the number 
of pinocytotic and coatcd vesicles in the cer-
ebral endothelial cells (Dux and Joo, 1982). 
When die albumin penetration was checked by 
immunohislochcmistry, an increased macro-
molecular leakage was found on the administra-
tion of histamine. In other experiments, hista-
mine was infused during 1 in in into die lateral 
cerebral ventricle of rats, and a strong stimula-
tion of pinocytotic activity was observed (Dux 
ct al., 1988), similar in extent to that observed 
seen after inlracarolid infusion. Ranitidine, a 
histamine H2-fcccptor blocker, when injected 
together with histamine was able to block the 
effect of histamine, indicating the importance 
of histamine H2-rcceptors being confined to the 
abluminal membrane of cerebral endodiclia! 
cells. 
As regards the second messenger molecules 
that may Ix? involved, we found a dose-depen-
dent stimulation in the accumulation of cAMP 
on the effect of histamine in die microvesscl-
rich Traction widi an EC ;o of 5 itM. Specific 
agonists and antagonists of the two types oi 
histamine rcccplors (11, and ll2) «ere used Tor 
the characterization of the receptors mediating 
this acdon: H2-rccepior agonists were able to 
activate the adenylate cyclase with "relative 
potencies" similar to that found on typical H.-
reccptors. and cimctiiline, a specific H,-recep-
tor antagonist, competitively inhibited the res-
ponse to histamine with a K: value reflecting its 
interaction with a single populadon of 1 precep-
tors radter than H,-receptors (Karnushina ct al., 
1980). Thus it was concluded that H2-receptors 
are involved in the activation of adenylate cy-
clase of the capillary fraction. Activation of 
adenylate cyclase was observed in cerebral 
microvessels isolated from edematous brain 
(Joo ct al., 1984; Dux et al., 1984). In an oilier 
experiment (Adam et al., 1987), the kinctic 
parameters of transendothelial albumin trans-
port were compared to changes of the adenylate 
cyclase activity in cerebral microvessels isola-
ted by ullraccnlrifugation from different stages 
of hypoxic brain edema. A decrease of the 
adenylate cyclasc activity was observed in the 
cerebral microvessels of animals with acute 
hypoxic condition. However, lite adenylate cy-
clase activity was found to be increased signif-
icantly in thcmicrovesscls during recirculation. 
Activation by histamine of the prostaglandin 
synthesis in the cerebral endothelial cells 
The ability of cerebral endothelial cells to syn-
thesize prostaglandins has been studied exten-
sively (Joo ct al., 1981; Geese ct al.. 1982: for 
review see Joo, 1985) in isolated microvcsse! 
preparation. The main prostaglandins synthe-
sized by guinea-pig microvessels were prosta-
glandin D2and prostaglandin E r Substantially 
less prostaglandin F^ or the stable prostaglan-
din metabolite, 6-oxo-prostaglandin F,t. was 
synthesized. Noradrenaline stimulated the pros-
taglandin forming capacity of blood free cere-
bral microvessels. It was concluded that pro-
A 
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stacyclin and prostaglandins could be involved 
in the activiiy-dcpcndcnt regulation of regional 
ccrcbral blood flow and permeability. Recent 
results of Guillol and Audits (199(1) provided 
supportive cvidcncc to this conclusion by show-
ing that prostaglandins may be responsible for 
the permeability increasing cffcct of angioten-
sin. 
When die hislaminc-scnsitiviiy of prosta-
cyclin and prostaglandin .synthesis was investi-
gated in isolated brain microvcsscls prepared 
from noimal and hypoxic cxcrciscd rats (Dux et 
al.. 1982), histamine stimulated the in vitro 
synthesis of all components of arachidonic acid 
cascade. The chronic hypoxic cxcrcisc also 
resulted in an enhanced production of cacli 
fraction. Hypoxia and histamine showed an 
additive cffcct in die synthesis of PGE2 only. 
The effect of histamine on cytosolic Ca1* in 
the cerebral endothelial cells 
Activation of cell surface rcccptors by hor-
mones, neurotransmitters (like excitatory ami-
no acids) or other external stimuli evokes 
changes in Ca2* fluxes, which apparently lead to 
an increase in cytosolic Ca2*, an acknowledged 
mediator of numerous cell responses. Indeed, 
increases in cytosolic Tree Ca2* were observed 
in endothelial cells of peripheral (D'Amorcand 
Shepro, 1977) and central nervous origin (Re-
vest el al.. 1°91). In addition, brain endothelial 
cells were shown with the use of sensitive 
oxalatc-pyroantimonatc electron microscopic 
detection to accumulate Ca2* under conditions 
of brain edema elicited by kaitiic acid (Szlriha 
and Jod, 1986). As a conscqucnce of the rise in 
inlracndotlieliaICa2* concentration, the genera-
tion of cyclic nucleotides is increased and phos-
pholipases become activated (Chang et al., 
1987). 
In the interpretation of our results obtained 
with the use of mcpyraminc, the results of 
Peroutka et al. (19801 on 'H-mcpyraminc labe-
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ling of histamine H,-reccplors should be taken 
into consideration. "These studies showed that, 
in addition to other rcccptors for vasoactive 
substanccs, substantial levels of Hj-reccplor 
binding was detected in bovine cerebral micro-
vcsscls, which was about 65% of binding levels 
in neuronal membrane preparations. In addi-
tion, Carson et a!. (1989) observed an increase 
in inositol phosphate accumulation on the ef-
fect of histamine in cultured human umbilical 
vein endothelial cells. Moreover, Rotrosen and 
Gallin (1986) reported that the permeability 
enhancing effect of histamine appeared to be 
dependent on Ht-rcccplor occupancy, causing 
increases in intracellular Ca2*. Therefore, it is 
tempting to assume that the blockade, exerted 
by mcpyraminc in our experiments, prevented 
the activation in the ccrcbral endothelial cells of 
a signal transduction pathway using inositol 
phosphates. 
On the basis of the above-mentioned fin-
dings, we can suppose that, during tissue injury, 
an excessive release of histamine takes place 
from internal (mast cells and neuronal) sources, 
which can activate the histamine receptors in 
the brain microvessels and result in the induc-
tion of brain edema (Sztriha et al., 1985; Jod and 
Klatzo, 1989). A scheme of the sequence of 
events leading to histamine rcccptor-nicdiatcd 
formation of brain edema is given in Figure 2. 
'Ilic validity of our results has been con-
firmed by the findings of oilier studies. First the 
involvement of central hislaminergic sytems in 
the modulation of blood-brain barrier perme-
ability (Oislii et al., 1989) and the role of hista-
mine in traumatic brain edema have been evi-
denced (Mohanty etal., 1989). Recently, when 
liic traiiscndodiclial elcctrica! resistance in brain-
surface microvessels were measured in situ, a 
75% dccrcase was observed (Butt and Jones, 
1992) on the addition of 10 ^  M histamine. 
Intraperitoneal injections of cimclidine, a po-
tent histamine H2-receptor antagonist, blocked 
completely the effcct of histamine. It is im-
portant to note that cimelidine could prevent the 
Ftp. I . F.ffcctr of different concentration« of ranitidine on u .iter, sodium.potassium and calciumcontcntsof ischcniic brains 
tn = 10 in cacti group) 
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Fig. 2. Histamin tecrptor-mediatcd formation of brain edema 
effect of histamine even if it w as administered 
to the CSF-facing side of (lie pial vessels provid-
ing direct evidence for the existence of ablumi-
nal H -rcceptors. These results confirm our 
previous data obtained after intraventricular 
injections of histamine (Dux et a!., 1988). 
Prevention and treatment of brain edema is 
an important everyday task in many neurologi-
cal conditions. The main rationale in treatment 
of a cctebral insult is based on lite assumption 
that ischemically injured neurons possess an 
integral capacity for recovery. Therefore, further 
attempts should be made at revealing the mo-
lecular mechanisms underlying brain edema 
formation. Since we are beginning only to learn 
the details of cross-talk between different se-
cond messenger molecules in relation to the 
regulation of permeability, further studies are 
required to elucidate the cxact molecular inter-
actions taking place in the cerebral endothelial 
cells in order to understand and perhaps influ-
ence the transport of nutrients and drugs from 
the circulation into the brain tissue. 
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CHAPTER 26 
I 
Regulation of transendothelial transport in the cerebral 
microvessels: the role of second messengers-generating 
systems 
F. Joó , I. Lengyel, J . Kovács1 and B. Penke2 
Laboratory of Molecular Neurobiology. Institute of Biophysics. Biological Research Center, 6701-Szeged, Hungary, and 
' Department of Pediatrics and" Institute of Chemistry. Albert Szent-Gyiirgyi Medical L niversity, 6701-Szeged, Hungary 
Different elements of the intracellular signaling messenger 
systems have been detected in the course of our studies in the 
cerebral endothelial cells. It has been show n that the synthesizing 
encymcs of and substrate proteins for the second messenger 
molecules arc present in the cerebral endothelial cells, and their 
activity and/or amount can change in pathological cir-
cumstances, i.e., during the formation of brain oedema. Phar-
macological treatments interfering with the second messenger 
systems proved to be effective in the prevention of brain oedema 
formation. . 
Introduction 
The unique feature of intact microvessels in the 
brain is the apparent absence of macromolecular 
transport. The results of several studies performed 
in the last decades (Lajtha and Ford. 1968: Olden-
dorf , 1977) have confirmed unequivocally the 
original observation of Paul Ehrlich (1885) in-
dicating the existence of a peculiar permeability bar-
rier, termed as the "blood-brain barrier'", which 
can restrict the free permeation of solutes and pre-
vent the entry of macrotnolecules to the brain. 
The results of different experimental interven-
tions carried out to produce brain oedema have 
clearly shown, however, that the macromolecular 
transport can be activated in brain microvessels 
(Sonkodi et al., 1970: Joo. 1971: Westergaard and 
Brightman. 1973) and this is accompanied by an in-
crease of pinocytotic activity of the endothelial cells. 
These results have already indicated that, in this par-
ticular case, the macromolecular transport was not 
missing from the brain microvessels but rather it was 
inactive or suppressed under normal conditions and 
could be activated by experimental and pathological 
circumstances. However, the cellular mechanisms, 
by means of which this activation of macromolec-
ular transport is realized, remain to be elucidated. 
The aim of our studies was to check if the second 
messenger molecules were produced in the cerebral 
endothelial cells and had a role in the regulation of 
transendothelial permeability. 
Adenylate cyclase and cyclic AMP system 
In view of earlier results (Reese and Karnovsky, 
1967; .loó. 1971) emphasizing the primary impor-
tance of capillary endothelium in the maintenance 
of the blood-brain barrier, it seemed of interest to 
study whether the adenylate cyclase system is involv-
ed. in a way similar to that reported by Wagner et al. 
(19~2). in the mediation of effects of vasoactive 
substances. 
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The effect of dibit tyry I cyclic AMP on pinocytosis 
and macromolecular transport of cerebral 
endothelial cells 
When mice were given a single dose (10 mg/kg) of 
N 60"-dibutyryl cyclic 3 ' , 5 ' - adenos ine monophos-
phate (dibu-cAMP) and the brains were processed 
for electron microscopy 5 or 20 min after injection, 
there was a significant increase found in the number 
of pinocytotic and coated vesicles (Table I; Joo , 
1972). The permeability of brain capillaries, judged 
by the penetration of ferritin, was found to be in-
creased compared to the impermeability of control 
endothelial cells. 
L 
Fig. I . Fine structural localization of adenylate cyclase in the 
capillary wall. Luminal m e m b r a n e and basal lamina show (ar-
rows) s t rong enzyme activity. L, Lumen; M, inactive mitochon-
dria (X 15000). 
Histochernical localization of adenylate cyclase in 
the brain capillaries 
The adenylate cyclase activity was demonstrated 
histochemically by the method of Reik et al. (1970). 
Paraformaldehyde-prefixed brain samples were cut 
by a VibratomeR and incubated with 5'-adenyIyl-
imidodiphospate, a highly specific substrate (Joo et 
al., 1975a). Strong reaction product was seen in the 
luminal and basal membranes of endothelial cells 
under the electron microscope (Fig. 1). 
Biochemical characteristics of adenylate cyclase in 
the brain capillaries 
Mierovessels were isolated from the brain tissue 
by a procedure elaborated earlier (Joo and Kar-
nushina. 1973). Before decapitation, the anesthetiz-
T A B L E 1 
The effects of d ibu -cAMP on the counts of d i f ferent 
microvesicles that are most likely involved in the evoked 
macromolccular transport 
Pv 
Cont ro l 
5 min 
P value 
20 min 
P value 
7.09 ± 0.10 
14.84 ± 0.1S 
< 0.001 
15.37 ± 0.4S 
< 0.001 
Cv 
0.55 ± 0.21 
1.51 ± 0.3 
< O.OOI 
Total counts 
7.89 ± 0.11 
22.14 ± 0.24 
< 0 .001 
1.02 r 0.52 21.15 ± 0.52 
< 0.02 < 0.001 
Pv. Pinocvtot ic vesicles: Cv, coated vesic'.es. 
ed animals were perfused with Krebs-Ringer solu-
tion to wash out blood f rom the mierovessels. Fig. 
2 shows the light microscopic appearance of 
mierovessels isolated f rom brain tissue. The 
capillary-rich fraction was homogenized manually 
in 2 m M Tris maleate buf fe r + 2 mM EGTA (pH 
7.8) using a Teflon glass homogenizer. Adenylate 
cyclase activity was measured according to 
Hegstrand et al. (1976) as described earlier (Joó et 
al., 1975a; Karnushina et al., 1980a). 
In another group of rats, decompression brain 
oedema was produced (Joó et al., 1984) by removing 
a 3 x 8 mm piece of the parietal bone from the skull 
with a high speed dental drill, between the coronal 
and lambdoid sutures near the sagittal suture. The 
dura mater was excised under the operation 
microscope and the pial surface of the brain was 
covered with an artificial fibrin sponge 
(Spongostan), soaked in physiological saline of 
0.2h Osm. The animals were sacrificed 15 min later 
for microv essel isolation. Brain capillaries, isolated 
f rom animals with decompression brain oedema 
showed significantly higher adenylate cyclase activi-
ty than those isolated f rom controls. Similar in-
crease in adenylate cyclase activity was observed 
(Dux et al.. 1984) in the cerebral mierovessels of rats 
subjected to a prolonged hypobaric-hypoxic treat-
ment. 
In another experiment (Adam ei al., 1987), the 
kinetic parameiers of transendothelial albumin 
transport were compared to changes of the 
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Fig. 2. I ight microscdpic appcurance of the capillary-rich fraction af ter toluidine blue staining. In addit ion to the capillaries, a few 
arterioles and \ rnules of larger diameter were occasionally present, a. Under low magnif ica t ion ( \ 250). h. Under higher magnification 
l \ "50). 
adenylate cyclase activity in cerebral microvessels 
isolated by ul tracentr ifugation f rom different stages 
of hypoxic brain oedema. A decrease of the 
adenylate cyclase activity was observed in the 
cerebral microvessels of animals with acute hypoxic 
condit ion. However, the adenylate o c l a s e activity 
was found to be increased significantly in the 
microvessels during recirculation. The activation of 
adenylate cyclase in the microvessel wall was pro-
posed to be considered of pathological importance 
in the development of brain oedema (Job and Klat-
zo. 198"). 
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Phosphoproteins for cyclic AMP in the cerebral 
endothelial cells 
Although dibu-cAMP has long been known to in-
crease pinocytosis and macromolecular transport 
through the brain capillaries (Joo, 1972), it remain-
ed unknown which proteins, if any, are the 
substrates of phosphorylation resulting from 
elevated intraendothelial accumulation of cAMP 
due to increased transport. The phosphoproteins of 
cerebral endothelial cells were separated by sodium 
dodecyl sulfate-polyacrylamine gel electrophoresis, 
and the kinetics of 32P incorporation into specific 
protein substrates were evaluated by computer-
aided X-ray film densitometry (Olah et al., 19S8). 
With the use of this method, the efficiency of cAMP 
in activating phosphorylation processes in brain 
micro vessels was found to be low. 
The effect of histamine on pinocytosis and 
macromolecular transport of cerebral endothelial 
cells 
After infusion of 60 /ig/ml histamine through the 
common carotid artery, a significant increase in the 
number of pinoevtotic and coated vesicles was 
found in the cerebral endothelial cells (Dux and Joo, 
1982). The most striking differences from the con-
trols were the multiplication of pinocytotic vesicles 
attached to the basal lamina and the ocdematous 
swelling of the glial end-feet. Larger doses 
(200 /tg/'ml and 500 jtg'ml) of histamine resulted in 
the same ultrastructural changes, but the swelling of 
mitochondria in the endothelial cells was additional-
ly observed. As a rule the tight junctions remained 
closed, but occasionally the fusion points seemed to 
have been opened after histamine administration. 
Albumin penetration was checked by im-
munohistochemistry and was found to be increased 
on the effect of histamine. 
Charaetcization of histamine reccptors linked to 
the cerebral microvascular adenylate cyclase 
Histamine was found to elicit in a dose-dependent 
manner a two-fold stimulation in the accumulation 
of cAMF in the microvesscl-rich fraction with an 
ECj 0 of 5 /iM. Specific agonists and antagonists of 
the two :ypes of histamine receptors (H, and H2) 
were used for the characterization of the receptors 
mediating this action: H2-receptor agonists were 
able to activate the adenylate cyclase with "relative 
potencies" similar to that found on typical H2-
reccptors; and cimetidine, a specific H2-receptor 
antagonist, competitively inhibited the response to 
histamine with a Kx value reflecting its interaction 
with a single population of H2-receptors rather than 
Hj-receptors (Karnushina et al.,. 1980a). Thus it 
was concluded that H2-receptors are involved in the 
activation of adenylate cyclase of the capillary frac-
tion. 
Prevention of brain oedema formation by 
histamine H2-receptor antagonists 
To check if histamine receptor blockers had any 
effect on brain oedema formation, 90Yttrium cubes 
(approx. 4 mm3) of varying strength (from 2.5 mCi 
to 0.1 mCi) were implanted into the surface of the 
parietal cortex on the right side in 4 adult dogs and 
2 cats (Joo eta!., 1976). For the quantitative expres-
sion of oedema extent, the animals were given 
2.5 ml/kg of 1 % Evans blue 24 h before investiga-
' tion. and the area of blue staining was measured 
planimetricallv on symmetrical coronal slices (ap-
proximately 5 mm thick) obtained from the 
hemispheres of different animals. Corresponding 
areas of the right and left hemispheres from 3 con-
trols and 3 metiamide-treated animals were aver-
aged. and the mean and S.D. were calculated. Half 
of the animals were treated intraperitoneally with 
metiamide in a maintenance dose of 50 pe. kg. The 
animals subjected to 90Yttrium irradiation were as a 
rule somnolent and apathetic throughout the entire 
period of observation, while those treated with me-
tiamide did not show any clinical sign indicating the 
development of severe brain oedema. At 24 or 72 h 
after implantation, severe extravasation of Evans 
blue was observed in the untreated animals, whereas 
the extent of blue staining indicating the leakage of 
albumin was considerably reduced in metiamide-
treated animals. The extent of oedema in the control 
animals was found to besignificantly greater (5.2 ± 
2.5 cm2) than that in metiamide-treated animals 
(1.8 ± 1.0 cm2). 
The possible brain oedema preventing effect of 
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different histamine receptor blockers was studied in 
detail using newborn piglets in anot her experimental 
model (Dux et al., 1987). General hypoxemia was 
evoked experimentally by bilateral pneumothorax, 
and the development of severe brain oedema of 
vasogenic type was observed in the recirculation 
phase, 4 h after the hypoxic challenge. Histamine 
receptor antagonists, mepyramine (H,-receptor 
blocker), metiamide, cimetidine and ranitidine (H-.-
receptor antagonists) were administered either in-
traperitoneally or intrathecally to check to what ex-
tent the formation of brain oedema could be reduc-
ed. Mepyramine and ranitidine decreased the ac-
cumulation of water, sodium and albumin in the 
parietal cortex. 
Subcutaneous pre-trcatment with a histamine 
H,-rcceptor blocking agent, ranitidine, in a dose of 
5 mg/kg given 2 h before and at the time of kainic 
acid injection, partially decreased the oedema for-
mation in the thalamus (Sztriha et al.. 1987). It was 
assumed that, due to repetitive discharges evoked by 
the kainic acid (Sztriha et al., 1985). an excessive 
release of histamine from internal (mast cells and 
neuronal) sources may activate the histamine H,-
receptor-coupled adenylate cyclase in the brain 
microvessels and result in the induction of brain 
oedema (Fig. 3). 
Guaitylate cyclasc-cyclic GMP system 
Guanylate cyclase (GTP) pyrophosphate lyase 
(cyclizing) catalyzes the formation of guanozine 
3' ,5'-tponophosphate (cyclic GMP) t'rom GTP. It 
has been hypothesized that, among other processes, 
the cGMP. like cAMP, has an important role in the 
central nervous system. 
rats (Jooet al., 1983). Control animals were infused 
with butyric acid or guanosine-3',5'-cyclic 
monophosphoric acid (Sigma, St-Louis) - cor-
responding to the proportion of these substances in 
200 ft a concentration of dibu-cGMP - or with 
Krcbs-Ringer buffer only. Brains were washed out 
by perfusion with a buffered Krebs-Ringer solution 
prior to fixation and processed for the im-
munohistochemical detection of albumin. Serum 
albumin was not detected in the control sections. In-
fusion of cGMP seemed to induce the uptake of 
serum albumin by some microvessels. However, 
after infusion with 25, 50, 100 and 250 /ig dibu-
cGMP. strong immunoreactivity was seen in the 
walls of capillaries and venules indicating the uptake 
and accumulation of serum albumin by the en-
dothelial cells. In many cases, strong perivascular 
staining was also observed being indicative of the 
transendothelial transport of the macromolecule in 
question. The results of our investigations have 
clearly shown that the given concentrations of dibu-
HISTAMINE RECEPTOR-MEDIATED FORMATION OF BRAIN EDEMA 
BRAIN DAMAGE 
< I > 
I MAST CELLS|| HISTAMINERGIC NERVES] I BRAIN ENDOTHELIUM"] 
I HISTAMINE RELEASE! / 
Histamine H,-receptors 
I 
Phosshoinositol hydrolysis 
Increases In brain 
\ 
Histamine ^ - r e c e p t o r s 
• 
Adenylate cyclase Is 
activated In endothelium 
CALCIUM INFLUX 
Into the endothelial cells 
The effect of dibit tyrvl cyclic GMP on pinocytosis 
and inacrotnolecular transport of cerebral 
endothelial, cells 
Different concentrations (25. 50. 100 and 200 /ig) 
of dibu-cGMP, the lipid soluble derivative of 
cGMP. were infused in a volume of 0.5 ml by an ln-
fumat driver (Kutesz. Hungary) in 5 inin at a rate of 
0.1 ml/min into the common carotid artery of adult 
Activation of phospholipases 
• 
tacreased production of araehidenic acid metabolites 
• 
Phosphorylation ol spectlic proteins 
Induction ol macromolecular transport 
• 
Brain edema 
Fig. 3. Sequence of histatnine-mediated events in cerebral en-
dotheliai cells leadine to brain oedema formation. 
cGMP could inducc the macroinolecular transport 
for nlhumiu in a dose-dependent manner wit h an ac-
companying activation of pinocytosis in the en-
dothelium of brain microvcsscls. 
It seems to be worthwhile to mention that, apart 
from certain opposing effects observed between the 
action of cAMP and cGMP, some examples have 
been published of the synergistic actions of these 
substances in the regulation of gastrin sécrétion 
(Harty and McGuigan, 1982) and that of the 
temperature (Clark. 1978). It has been raised that, 
in the latter case, cyclic GMP may mimic the effects 
of cyclic AMP through inhibition of 
phosphodiesterase-mediated hydrolysis of cyclic 
AMP (Goren and Rosen, 1971). 
HistochcmicaI localization of guanylate cyclase in 
the brain capillaries 
Using 5'-guanylyl-imido diphosphate, a specific 
substrate for thé histoehemical detection of 
guanvlate cyclase activity, strong staining of 
capillaries was found (Karnushina et al.. 1980b). 
Under the electron microscope, dense reaction pro-
duct was observed in the luminal and basal mem-
branes of capillaries. 
Biochemical characterization of guanylate cyclase 
in rite brain capillaries 
The microvessels were isolated from the brain 
tissue by the procedure mentioned before (Job and 
Karnushina, 1973). The isolated capillaries were 
disrupted by motor-driven Teflon-glass homoge-
nizer in 50 mM TrisHCl, pH 7.S. and the guanylate 
cyclase assay was performed according to Arnold et 
al. (197"). The cyclic GMP formation was found to 
be linear with time (up to 15 mini and showed also 
a linear dependence on the protein concentration 
(50-200 jig/tube in the incubated samples). The 
specific activity of the guanylate c>clase appeared to 
be as much as 20.1 z 1.7 (mean ± S.E.M.) pmol 
cyclic GMP formed mg protein per minute f t = 
5): The \ m value of the enzyme for GTP was found 
around 0.25 mM (Karnushina et al.. 1980bi. which 
corresponds to that determined tor this enzyme in 
brain tissue. Attempts to influence the guanvlate 
cyclasc activity of capillary-rich fractions by acetyl-
choline, histamine and enkcphalinc ( I0~ 4 M) were 
unsuccessful. On the other hand, in the presence of 
I lb Triton X-100 a marked increase of the specific 
activity of guanylate cyclasc up to 120 ± 16.3 pmol 
cyclic GMP/mg protein per minute (« = 3) was 
observed Without any apparent change of the K m 
value. This increase of enzyme activity could be the 
result of its solubilization. Activation by detergent 
strongly indicates that the guanylate cyclase is pres-
ent mainly in membrane-bound form in the cerebral 
capillaries. This, in turn, is in good agreement with 
the histochemical observations. 
Phosphoproteins for cGMP in the cerebral 
endothelial cells 
A very fast and pronounced phosphorylation was 
seen after cGMP activation, which was much 
stronger than that obtained with cAMP. The a - and 
tf-subunits of tubulin as well as Ca2 + /cálmodulin-
dependent protein kinase II (in the presence of 2 mM 
EGTA) were also phosphorylated by the cyclic 
nucleotide-dependent protein kinases (Oláh et al., 
1988). The cGMP-dependent protein kinase had 
some substrates in common with the cAMP-
dependent one, but in addition, some phosphopro-
teins specific for cGMP with relative molecular 
masses of 33 and 30 kDa were also revealed. 
Phospholipase C and protein kinase C system 
The presence and translocation of protein kinase C 
(PK C), a key regulatory enzyme involved in both 
signal transduction and cellular proliferation, were 
observed (Nlarkovac and Golstein, 1988) to phorbol 
esters as well as to transforming growth factor 0, a 
widely distributed regulatory peptide that promotes 
endothelial cell differentiation, in microvessels 
isolated from rat brain. Similarly, stimulation of PK 
C translocation was found by Catalan et al. (1989) 
in isolated brain microvessels on the effect of 
substance P. The finding suggested that substance P 
may be involved in the regulation of processes 
underlying protein phosphorylation in the BBB. 
The effect of activation of PK C on the 
transendothelial transport process 
Fluid-phase endocytosis within primary cultures 
of brain microvcssel endothelial cell monolayers, an 
in vitro blood-brain barrier model, has been shown 
recently (Guillot and Audus, 1990) to be significant-
ly stimulated by nanomolar concentrations of plior-
bol myristate acetate. This effect of phorbol esters 
was not mediated by prostaglandins. Since the PK C 
is a prime target for actions of the phorbol esters 
(Nishiznka. 1984), the involvement of PK C in the 
activation of the blood-brain barrier opening seems 
to be established. 
Phosphorylation of PK C in the cerebral 
endothelial ceils 
For identification of the protein substrate for PK 
C. exogenous enzyme (the 45-kDa fragment of PK 
C) was added to the incubation medium (Oláh et al.. 
1988). The relative molecular mass of this polypep-
tide was shown to be lower than that of the rr-
subunit of CAM-dependent protein kinase. The oc-
currence of this activated fragment of PK C in the 
brain microvessel preparation was also evident, as 
demonstrated on the control gel. The exogenous PK 
C could recognize its major substrate in this frac-
tion, and the reversibility of phosphorylation of the 
40-kDa protein was impressive. A similar, but 
kinetically somewhat different, phosphorylation 
pattern was observed in the case of an 
autophosphorylated form of the 45-kDa fragment 
of the PK C. The phosphorylation of this polypep-
tide took place faster, whereas its dephosphoryla-
tion was slower than that of its 40-kDa substrate, 
i 
Prevention by H-7 treatment of brain oedema 
formation 
In order to check if the activation of PK C was in-
volved in the formation of brain oedema, the effect 
of H-7 [1.5(iso-quinolinylsulfonyl)-2-methylpipe-
razine], a potent inhibitor of PK C. w as investigated 
in Sprague-Dawley CFY rats subjected to common 
carotid artery occlusion (Joó et al.. 1989). Treat-
ments with different doses (1.56. 5.12. 6.25. 12.5 
and 25.0 mg/'kg, respectively) of H-" (Sigma) \ve:e 
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carried out in the form of single i.p. injections 30 
min before occlusion. Sham-operated rats without 
carotid artery occlusion served as controls. The rats 
were killed 4 h after surgery. In comparison to the 
values obtained from the brains of sham-operated 
rats, bilateral occlusion of the common carotid ar-
teries resulted in a significant increase in brain wa-
ter, sodium and calcium contents 4 h after surgery. 
At the same time, the K + content of brains decreas-
ed considerably, most likely as a result of diffusion 
from the extracellular space subsequent to mem-
brane depolarization and failure of the ATP-depen-
dent Na + , K + pump. From the dose-response anal-
ysis of the H-7 effect it became evident that pre-
treat ments of rats with higher doses of H-7 to a great 
extent prevented the development of brain swelling 
and the increase in sodium and calcium. 
Phospliolipase A2 and arachidonic acid system 
The ability of cerebral endothelial cells to synthesize 
prostaglandins has been studied extensively (Geese 
et al., 1982; for review see Joo, 1985) in isolated 
microvcssel preparation/The main prostaglandins 
synthesized by guinea-pig microvessels were pros-
taglandin D2 and prostaglandin E,. Substantially 
less prostaglandin F2a or the prostaglandin stable 
metabolite, 6-oxo-prostaglandin F l a was synthesiz-
ed. Noradrenaline stimulated the prostaglandin for-
ming capacity of blood-free cerebral microvessels. 
It was concluded that prostacyclin and prostaglan-
dins could be involved in the activity-dependent 
regulation of regional cerebral blood flow and 
permeability. Recent results of Guillot and Audus 
(1990) provided supportive evidence to this conclu-
sion by showing that prostaglandins may be respon-
sible for the permeability increasing effect of 
angiotensin. 
When the histamine sensitivity of prostacyclin 
and prostaglandin synthesis was investigated in 
isolated brain microvessels prepared from normal 
and hypoxic exercised rats (Dux et al., 1982), 
histamine stimulated the in vitro synthesis of all 
components of arachidonic acid cascade. The 
chronic hypoxic exercise also resulted in an enhanc-
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ed production of each fraction. Hypoxia and 
histamine showed an additive effect in the synthesis 
of PC. E : only. 
The preventive effect of macracortin. an inhibitor 
of the pltospholipase A, activity, on brain 
oedema formation 
It was demonstrated in one of our earlier studies 
(Temesvari et al.. 19S4) that dexamethasonc pre-
sentment in newborn piglets with experimental 
pneumothorax prevented brain oedema formation 
only if the drug was given in a relatively high dose 
(5 mg/kg) and a few hours before the experimental 
intervention. Actinoinycin prc-treatment prevented 
almost completely the beneficial effect provided by 
the dexamethasone suggesting the involvement of 
newly synthesized protein(s) in the cerebroprotee-
tive effect of dexamethasone. When partially 
purified macrocortin. derived from rat peritoneal 
cells exposed to dexamethasone. was injected in-
tracisternallv into female Spraguc-Dawlcy CFY rat 
with common carotid artery occlusion, a significant 
protection against the fatal consequences of carotid 
artery ligation and prevention of brain oedema for-
mation were observed. The protective effect pro-
duced by intracisternal administration of a minute 
amount of macrocortin fraction provided ev idence 
that this second messenger of glucocorticoid action 
may be a powerful cerebroprotective agent. 
A similar cerebroprotective effect of dex-
amethasone was observed in the thalamus in the 
course of brain oedema formation after kainic acid-
induced seizures (Sztriha et al.. 1°S6). 
Calcium and Ca2 - /Calmodulin-dependent 
protein kinase II 
Protein phosphorylation is thought to be a common 
effector process in the action of many second 
messengers (Greengard. 1978: Berridge and Inine, 
1984: Nishizuka. 1986). Transmission of signals to 
intracellular receptors is realized by changing the 
concentration of second messenger molecules and 
is. therefore, under strict regulation. The 
metabolism of cyclic nucleotides involves pairs of a 
specific cyclase and phosphodiesterase, whereas the 
Ca2~ concentration in the cells is regulated by ion 
transport mechanisms. In particular, a complex 
feedback regulation of cyclic nucleotide concentra-
tion has been supposed via the calmodulin effect on 
t he cvclase-diesterase system (Cheung, 1980). The 
regulation became even more complicated with the 
discovery of hormone-induced C a 2 + fluxes from 
the endoplasmic reticulum (Berridge and Irvine, 
1984). This signaling pathway acts in concert with 
the Ca- + /phospholipid-dependent protein kinase 
(Nishizuka, 1986), which is working in parallel with 
tbc calmodulin-dependent kinase route (Berridge, 
1984). 
Kinetic studies on the phosphorylation of 
calmodulin-dependent protein kinases in proteins 
derived fróm the cerebral microvessels 
The presence in the cerebral endothelial cells of 
calmodulin-dependent kinases was revealed by 
studying protein phosphorylation (Oláh et al., 
1988). Calmodulin stimulated the phosphorylation 
of 58(57)-, 55-, and 50-kDa proteins over that in the 
control, and the phosphorylation peaked at approx-
imately 4 min. Sometimes a short lag period could 
be observed during the rising phase. Dephosphoryl-
ation carried out by phosphoprotein phosphatases 
followed relatively rapid kinetics, in contrast to the 
phosphorylation induccd by cyclic nucleotides. The 
most prominent substrates of calmodulin-depen-
dent phosphorylation were the 50- and 55-kDa poly-
peptides, which are most likely identical to the 0-
and rt-subunits of the calmodulin-dependent pro-
tein kinase II (Mackie et al., 1986). These subunits 
are known to be phosphorylated usually by asym-
metric kinetics. The very similar substrates, eval-
uated together with proteins of relative molecular 
mass of 58 (57) kDa, probably correspond to the a -
and J-subunits of tubulin (Mackie et al., 1986). 
Possible physiological rote o f Car + /calmodulin-
dependent protein kinase II in the cerebrci 
endothelium 
Ir. order to elucidate the role of this second 
messenger system in the regulation of permeability 
1 
i 
of cerebral endothelial cells, peptide fragments, 
identical in sequence with the AMcrminal end of the 
natural calmodulin-dependent kinase, were syn-
thesized. The sequences were chosen on the basis of 
hydrophobicity analysis of calmodulin-dependent 
protein kinase. These peptides were shown to be able 
of interfering with the phosphorylation of this 
kinase. Namely, the phosphorylation of the en-
dogenous calmodulin-dependent kinase was in-
hibited by the 6, 8, 12, 14 and 19 amino acid long 
fragments, presumably by binding to the major 
autophosphorylation site (Thr286). 
The effect ofAA-I9 protein fragment on the 
permeability of brain microvessels 
In order to see if the inhibition of phosphoryla-
tion of calmodulin-dependent protein kinase had 
any effect on the permeability state of pial 
microvessels, the effect of this and other synthetic 
peptides are being studied currently in in vivo ex-
periments with the cranial window technique in 
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newborn piglets using low (natrium fluorescein, 
m.w. 376) and high (FITC-labeled dextran, m.w. 
40000) molecular weight fluorescent tracers as 
permeability tracers. According to our preliminary 
data, AA-19 is able of opening the blood-brain bar-
rier in a concentration-dependent manner sug-
gesting that the Ca2 +/calmodulin-dependent pro-
tein kinase II might be involved physiologically 
either in the maintenance and/or the closing of the 
blood-brain barrier. Further experiments are war-
ranted to explore the details of this important 
aspect. 
General conclusion 
It has been emphasized earlier that, from a 
physiological point of view, the brain endothelial 
cells represent a very tight cellular barrier with high 
membrane resistance and are devoid of pores under 
physiological conditions (for reference, see Joó, 
1986). The cellular basis of the high impermeability 
Primary 
messengers 
Primary effector 
enzymes 
Second messengers Secondary effector 
enzymes 
Protein substrates 
Hormones Adenylate cyclase cAMP A kinase PI 7, P50+P55, 
P58, P66+P68 
Vasoactive 
substances 
Giianylate cyclase cGMP cGMP kinase P17, P50+P55, 
P58, P30+P33 
Ca:* Phospholipase C IP„diacyl-glycerol PK-C P40, P4S 
AVm Pltospliolipa.se A, Arachidonic acid Cyclooxvgenase 
Lipoxygenase 
7 • 
Ca:* - 7 None Ca
:'-calmodulin Ca2*-calmodulin 
kinase 
P50+P5S, P58 
. Intracellular messenger systems 
Fig. 4. Intracellular messenger systems. re\c.tled in our studies (shaded blocks). in the cerebral endothelial cells. 
186 
is a continuous belt of tight junctions connecting the 
neighboring endothelial cells and the inability of 
these cells to form pinocytotic vesicles under normal 
conditions. In case of the opening of the blood-brain 
barrier, however, at least three types of functionally 
defined pores can be distinguished in the cerebral en-
dothelial cells: (i) a,very small pore for water (the 
size of this pore is beyond the limits of resolution of 
the electron microscope); (ii) an intermediate pore 
being confined to the junctional clefts for molecules 
up to 6 nin in diameter; and (iii) a large pore, mainly 
represented by the appearance of vesicular struc-
tures, which could form temporary transendothelial 
channels for macrotnolecules including serum pro-
teins. 
Our findings indicate the importance of the 
cAMP.cGMP, PK Cand arachidonic acid in the ac-
tivation of pinocytosis and albumin transport in the 
brain endothelial cells (Fig. 4). In other words, all 
these second messenger systems seem to be involved 
in the molecular events resulting finally in the open-
ing of the bood-brain barrier under different 
pathological circumstanccs. On the other hand, the 
results of our recent studies suggest that the 
Ca- + /calmodulin-dependent protein kinase II 
might be responsible at the molecular level for the 
closing of the blood-brain barrier, i.e.. by the 
restoration of physiological impermeability to cir-
culating macrotnolecules. 
Since we are only beginning to learn the details of 
cross-talk between different second messenger 
molecules in relation to the regulation of 
permeability, further studies are required to 
elucidate the exact molecular interactions taking 
place in the cerebral endothelial cells in order to 
understand and perhaps influence the transport of 
nutrients and drugs front the circulation into the 
brain tissue. 
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Summary Materials and Methods 
Hie effects of histamine on the cerebral endothelial cells were 
studied. To determine if the extent of brain oedema formation 
could be reduced v\ idi histamine receptor antagonists, niepyraminc 
(II,-rcceptor blocker), metiamide. cimetidiuc and ranitidine (H2-
rcccptor antagonists) were administered at a dose of 5 ing/kg body 
weight 4 ,2 and 0 h before this onset of experimental pneumothorax 
induced in newborn piglets. Mcpyramine and ranitidine given 2 h 
before the induction of EBP prevented the accumulation of water, 
sodium and albumin in samples taken from the parietal cortex. In 
other experiments, carried out on Spraguc-Dawlcy rats of CFY 
strain after permanent bilateral common carotid ligation (BCCL). 
the accumulation of water and sodium in the ischemic brain tissue 
could also be prevented in a dose dependent manner by intraperi-
toneal injections of ranitidine given 30 min before the surgery. 
Taken together, these results provide pharmacological evidence 
for the involvement of histamine icccptors in the pathogenesis of 
brain oedema. Consequently, the use of histamine receptor block-
ers both in the prevention and in the treatment of brain oedema can 
be recommended. 
Keywords: Histamine; brain oedema; histamine receptors: an-
tagonists. 
Introduction 
It is known that histamine, among other endogenous 
vasoactive substances, increases the permeability of 
peripheral capillaries, and so takes an important pan in 
the development of oedema in the peripheral tissues. 
Although pharmacological data have undoubtedly sug-
gested the sensitivity of cerebral arteries to histamine3, 
there are controversial opinions in the literature as 
regards the hypothetized effect of histamine on brain 
capillaries1-2-6-7-1"-18. 
The aim of our studies was to determine if histamine 
receptor blockers could prevent brain oedema-forma-
tion. 
Two aniinal models were applied in this study to determine the 
possible effects of histamine receptor blockers on ischemic brain 
oedema. 
7. Induction of Brain Oedema in Neonatal Piglets by 
Cardiovascular Collapse 
Thirty-six newborn piglets (cither sex - birth weight: 1090-
1460 g) aged between 3 and 8 h were used in the experiments. 
Details of the ischemic model were published earlier*-". 
2. Induction of Ischemic Brain Oedema in Sprague-Dawley Rats 
of CFY Strain After Bilateral Common Carotid Artery Ligation 
(BCCAL) 
A closed colony of randomly bred Sprague-Dawley female rats 
of CFY strain weighing 200-250 g was used, fed commcreial food 
pellets and tap water. Detailed 'characterization of this model was 
published earlier". 
Testing drug effects: To lest the possible effects, different doses 
(I. 5, 10 and 20 mg/kg) of ranitidine were given intraperitoneally 
30 minutes before BCCAL. 
Measurement of tissue water and ion contents: Brain water and 
electrolyte contents were determined as previously described18-16. 
Measurement of Evans blue contents in the brain tissue: For the 
photometric determination of exuded albumin, the method of 
Rdssner and Tempo!'2 was applied. 
Results 
I. The Effects of Histamine Receptor Antagonists on 
Brain Oedema in Neonatal Piglets Induced by 
Cardiovascular Collapse 
The effects of histamine receptor blockers on brain 
water, sodium and potassium content are demonstrated 
in Table 1. Mepyramine presented the accumulation ol 
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Table I. The Effect of Histamine Receptor Antagonists on the 
Brain Water, Sodium and Potassium Content 4 It After the Critical 
Phase 
Water Na- K-
(%) (mmol/kg dry weight) 
Control (n = 4) 83.84 ± 0.88 271.4 ±22.4 467.2 ±27.1 
Pncmnnlhnrax 
only (u = 4) 86.64 ± 0.77 329.6 ± 24.0 482.8 ± 32.0 
Mepyramine (n = 4) 84.401- 1.04* 323.0 ± 16.2 472.1 ±35.6 
Ranitidine (n = 4) 85.31 ±0.51* 316.1 ± 12.2 496.7 ± 39.3 
Mctiamidc (n = 4) 87.49 ± 1.92 307.5 ± 38.2 508.9 ±41.3 
Cimetidinc (n = 4) 86.32 ± 1.09 321.0 ±40.1 456.8 ± 39.9 
Values are mean ± SD. 
* p < 0.01 compared to the group "pneumothorax only". 
water in the brain tissue but exerted no effect on the 
brain sodium content. Of the Hj-reccptor antagonists 
used, ranitidine prevented ocdeinatous swelling. Simi-
larly, according to the results obtained by determining 
water and electrolytes, mepyramine and ranitidine also 
prevented leakage of scrum albumin from the blood 
into the brain (Table 2). 
2. The Effects of Histamine Receptor Antagonists on 
Brain Oedema in Spragtie-Dawley Rats of CFY 
Strain Induced by BCCAL 
Prcischcmic treatments witli ranitidine protected the 
brain from the development of ischemic brain oedema 
in a dose dependent manner. Water, sodium and calci-
umcontcnts of the brain could be attenuated signifi-
cantly by higher doses of ranitidine (Table 3). 
Discussion 
The results of our studies indicate that ranitidine 
effectively prevents brain oedema formation. Similar 
effects were observed earlier''-1-1 with mctiamide, an-
other histamine Hj-rcceptor antagonist, using other 
models. 
On the basis of these findings we suppose that during 
tissue injury an excessive release of histamine takes 
place from internal (mast cells and neuronal) sources, 
which can activate the histamine receptors in the brain 
microvesscls and result in the induction of brain 
oedema"-9-". 
The validity of our results has been confirmed by 
other studies. First, the involvement of ccntral hista-
Table 2. The Effect of Mepyramine and Ranitidine on the Extrava-
sation of Serum Albumin into the Brain, Measured 4 It After the 
Critical Phase 
Control (n = 3) 
Evans Blue concentration 
Pg/g wet weight 
0.10 ±0.10 
Pneumothorax only (n = 3) 0.48 ±0.11 
Mepyramine ( " = 3) 0.14 ±0.08* 
Ranitidine (n = 3) 0.15 ±0.03* 
Values are mean ± SD. 
* p < 0.01 compared to the group "pncumoihorax only". 
Table 3. Protective Effect of Ranitidine in a Stroke Model Evoked 
in Spragtic-Oaivlcy Ct'Y Rats 
Waier Na* K* 
(%) (inmol/kg dry weighi) 
Control 81.7 ±0.91 292.3 ± 22.4 325.1 ±21.4 
5 mg/kg 
ranitidine S0.4 ± 0.81** 278.2 ± 19.4* 339.4 ± 18.7 
10 mg/kg 
ranitidine 79.4 ± 0.62*** 229.4 ±31.2*** 375.7 ± 28.7*** 
20 mg/kg 
ranitidine 79.1 ±0.53*** 221.1 ± 18.9*** 386.5 ± 19.8*** 
Values are mean ± SD. 
* p < 0.05, ** p < 0.01, •** p < 0.001 compared to lite untreated 
control. 
mincrgic systems in the modulation of blood-brain 
barrier permeability" and the role of histamine in trau-
matic brain oedema have been evidenced10. Recently, 
when the transcndothelial electrical resistance in brain-
surface microvessels was measured in situ, a 75% 
decrease was observed1 by the addition of lO-1 M hista-
mine. Intraperitoneal injections of ciinetidinc, a potent 
histamine ll2-rcceptor antagonist, blocked completely 
the effect of histamine. It is important to note that 
cimetidinc prevents the effect of histamine even if it is 
administered to the CSF-facing side of the pial vessels, 
providing direct evidence for the existence of ablumi-
nal Hi-receptors. 
Prevention and treatment of brain oedema is impor-
tant in many neurological conditions. The main ration-
ale in treatment of a cerebral insult is based on the 
assumption dial ischemically injured neurons possess 
an integral capacity for recovery. Therefore, further 
attempts should be made at revealing the molecular 
m e c h a n i s m s uniicTVying h i r \ ' o e d e m a fo rma t ion . 
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Abstract 
Histamine, released from intracerebral sources during hypoxic-ischemic conditions, may take part in the pathogenesis of neonatal 
brain injuries. In order to elucidate the possible role of cerebral microvessels in the elimination of histamine from the extracellular 
space, we determined the concentration of histamine using a modified radioenzymatic method in plasma taken from the internal jugular 
vein, in cerebrospinal fluid, and in capillary-rich fraction of cercbral microvessels prepared from cortex in 12 sham-operated piglets. 
Then, bilateral pneumothorax was induced in 20 piglets, samples were taken from the same compartments as from the controls before 
and during asphyxia, as well as 15 and 180 min thereafter, respectively. Plasma histamine level was significantly (P < 0.05) elevated in 
animals during hypoxic cardiovascular and metabolic failure (13.5 ± 1.9 nM 1"') compared to the value measured in the control group 
(2.2 ± 0.5 nM I-1). preceding any detectable change of histamine concentration in cerebrospinal fluid (5.2 ± 1.9 versus 3.8 ± 1.1 nM 1" 
respectively) or in cerebral microvessels (8.4 ±0.8 versus 7.1 ± 0.6 pM (mg protein)-1)- After resuscitation, histamine levels in 
plasma sample.8 remained high during the early (15 min. 16.2 ± 4.3 nM x I-1) and late (180 min. 15.3 ± 2.9 nM l -1) reperfusion period. 
By contrast, histamine concentration was increased considerably (P<0.05) in cerebrospinal fluid samples obtained 15 min 
(12.8 ± 6.5 nM l-1), hut not 180 min (5.2 ± 1.9 nM l -1) after resuscitation. Significant (P < 0.05) elevation of histamine concentration 
was seen only in cerebral microvessels prepared from asphyxiated piglets 180 min after resuscitation (18.6 ±5.3 versus 7.2 ± 1.6 pM 
(mg protein)-1). We conclude that cerebral microvessels may take part in the elimination of histamine from the extracellular space 
during recovery of asphyxia in newborn pigs. 
Keywords: Histamine; Blood-brain barrier; Neonatal hypoxia-ischemia 
The presence of histamine in the central nervous sys-
tem has long been revealed and its role in the neurohu-
moral transmission has been shown [17], Intracerebral 
histamine is also a known regulator of cerebral blood 
flow [9]; it is released under pathological conditions 
[1,14.15] and plays an important role in brain edema for-
mation [9,12], There are at least three distinct cerebral 
histamine pools within the brain, such as neuronal ele-
ments, perivascular mast cells and cerebral endothelium. 
Brain capillaries have low activity of the histamine syn-
thesizing (L-histidine decarboxylase) and metabolizing 
* Corresponding author. Tel +36 62 452232; F ix -36 62 433153. 
E-mail t r ic i^evcrxszbk u-szeged hu 
(histamine-/V-methvltransferase) enzymes [13], histamine 
receptors (mainly Ha-type), however, were supposed to be 
present on both sides of the blood-brain barrier (BBB) 
[12]. Indeed, our recent direct in vitro study revealed that 
cultured primary cerebral endothelial cells have the abil-
ity to take up histamine from both luminal and abluminal 
sides but they released it mainly luminally [10]. This 
finding suggested that the brain microvessels may use the 
endothelial polarized transport-system in pathological 
conditions, providing an important protective mechanism 
against the increase of cerebral histamine concentration. 
The aim of the present study was to check the changes 
of histamine concentrations simultaneously in different 
compartments (plasma from* the internal jugular vein; 
0504-!44lV95/$09 50 © 1995 Elsevier Science Ireland Ltd. All rights reserved 
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cerebrospinal fluid, and isolated cerebral inicrovessels) 
during well-defined phases of experimental pneumotho-
rax in newborn pigs. 
Newborn piglets of either sex (;t = 22, birth weight 
1090-1460 g) aged between 3 and 8 h were included. 
Under general and local anesthesia the animals were tra-
cheototnized, intubated (Portex 2.5-3.0 tubes), paralyzed 
and ventilated to reach a stable cardiorespiratoric state 
('basal stage'), as described in detail elsewhere 
[2,8,18,19]. The animals were divided into two groups: in 
asphyxia group (n = 20) bilateral pneumothorax (PTX) 
was induced through indwelling intrapleural drains by 
increasing the intrapleural pressure, while sham-operated 
piglets served as the control group (n = 12). At the critical 
(C) stage of the disease severe bradycardia, arterial hy-
potension, hypoxemia and combined acidosis developed. 
Then, after the resuscitation, a 3-h recovery (R) period 
was allowed. At the basal stage, at the critical state and 15 
and 180 min thereafter, samples were taken from the right 
internal jugular vein (plasma), cisterna magna 
Table t 
Clinical data of newborn piglets 
Time 
(min) 
Basal Critical R + 15 R+ ISO 
Heart rate (min ') 
Control 164 ± 3 166 ± 3 167 ± 3 167 ± 3 
PTX 163 ± 3 5 2 ± 2 a b 190 + 4a-b IS9 + 3 a b 
Mean arterial blood pressure (kPa) 
Control 8.08 ± 0.29 8.77 ±0.41 8.45 ± 0.25 8.49 * 0.29' 
PTX 7.53 ± 0.27 2.24 ± 0.07ab 9.57 ± 1.03 7.03 ± 0.81a 
Mean right atrial pressure ikPa) 
Control' 1.00 ± 0.08 0.96 * 0.05 0.^6 ± 0.07 MX) ±0.05 
PTX 0.89 ± 0.0S 1.91 *0.05 a b 1.14 + 0.07° 0.89 = 0.07 
Lung-thorax compliance tl kPa"' kg"') 
Control 15.5+1.0 14.6 + 0.7 15.9 + 0.6 15.6 + 0.5 
PTX 16.0 + 0.8 - 0.9 ± o.6:l b o.2 + 0.6a b 
Arterial pll 
Control 7.41+0.01 ".39 ±0.02 7.56 ±0.02 7.54 ± 0.05 
PTX 7.41 ± 0.02 6.89 + 0.04a b 7.08 + 0.05a b 7 22 + 0.05a b 
Arterial HCOr1 (mM r ' l 
Control 24^8 ± 0.4 23.8 + 0.5 22.9 ±0.8 25.4 - 1.2 
PTX 22.8 ±0.7 10.6 + 1.2a,b I2.4 = 0.8"b I P.O = 2.0',b 
Arterial fCO : (kPa) 
Control 5.11 ±0.15 5.39 + 0.28 5 52 ±0.16 5.80 = 0.21 
PTX 4.-18 + 0.25 11.57 +1.05a b 7.55 = 0.08"b 5 03 ±0.37 
Arterial j-O, ikPa) 
Control 8.16 ± 0.26 7 19 ± 0.35 " 60 = 0.32 " 23 = 0.25 
PTX 7.83=0.31 3 43 = 0.34a-b 5 54 ± 0.52a b 6 64 ±0.4111 
All valurs are means = SEM.. n = 12 in tvth groups. Values measured 
in PTX group differed significantly aF<0.05 from data in control 
group and bP < 0.05 from basal values of yncumothonx group. 
(cerebrospinal fluid, CSF), and cerebral microvessels 
were isolated from cortex. The capillary-rich fraction was 
prepared by gradient ultracentrifugation according to the 
method of Jo6 and Karnushina [11], The purity of the 
fraction was tested under the light microscope after 
staining with Toluidine Blue; the amount of non-vascular 
contamination and the degree of enrichment were charac-
terized earlier [13]. 
The concentration of histamine in different brain com-
partments was measured using the slightly modified radi-
oenzymatic method described by Beaven and Horakova 
[4], Briefly, 25 pi of sample was added to a reaction 
mixture of 25 /zl of histamine-ZV-methyltransferase and 
25^1 of 0.1 M phosphate buffer (pH 7.9) which contains ' 
1 pCi of 5-adenosyl[mef/iy/-3H]methionine (Amersham, 
60-80 Ci mmol"1). Histamine-Af-methyltransferase, the 
enzyme that converts histamine into a stable metabolite, 
methylhistamine, in the presence of S-[3H]adenosyl me-
thionine was prepared from rat kidney by a modified 
method of Verburg et al. [21]. The samples were incu-
bated at 37CC for 90 min. and the reaction was stopped by 
adding 10,/ri of 2.4 N perchloric acid. The labeled hista-
mine was extracted with 10 pi ,of 10N NaOH and 0.8 ml 
chloroform. The radioactivity was determined in a Beck-
man LS 100C liquid scintillation counter. Within and 
between the assays, variation coefficients of the method 
were 10.1 and 13.8% (at 5-25 nm l"1 range), respectively. 
The values were compared between groups using the 
Kruskal-Wallis and Friedman's repeated measure analy-
sis of variance (ANOVA) on ranks, followed by the Stu-
dent-Newman-Keuls test. The differences were consid-
ered significant at P < 0.05. 
The clinical symptoms of severe hypoxemia were 
bradycardia, arterial hypotension and combined acidosis 
in the critical phase (Table 1). During the recovery stage, 
moderate tachycardia, arterial hypotension and mainly 
metabolic acidosis were observed (Table 1). 
Histamine levels in the venous blood was raised sig-
nificantly in the critical phase (Fig. 1A) preceding any 
detectable change of histamine concentration in the CSF . 
or in the cerebral microvessels. Histamine levels in the 
jugular vein samples also remained high during the early 
and late recirculation periods (Fig. 1A). By contrast, his-
tamine level raised in samples of cerebrospinal fluid ob-
tained from the early reoxygenation period, only (R15; 
Fig. IB). The presence of histamine was detected in the 
cerebral microvessels prepared from experimental and 
control animal groups, alike. However, significant eleva- , 
tion of histamine level was seen in microvessels prepared 
from animals with PTX from the late reoxygenation pe-
riod. only (R18Q: Fig. 1C). There was no significant 
change of histamine levels in the cerebral microvessels 
prepared several hours after anesthesia from the control 
group. 
Edematous swelling, i.e. abnormal accumulation of 
fluid and electrolytes within thfc brain parenchyma intra-
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Fig. 1 Changes in hisiamine concentrations in venous plasma (A), in 
cerebrospinal fluid (ED and in isolated cerebral microvessels (C) before 
and during asphyxia and recovery in newborn pigs wiih experimental 
PTX Ml values are means ± SEM. n = 5 in each group Values meas-
ured m PTX group differed significantly 3P < 0.05 from data in the 
control group and h r < 0 . 0 5 from basal values of the pneumothorax 
group 
or extraeellularly. or both, frequently accompanies a wide 
variety of cerebral diseases, such as tumors, trauma, in-
fections. hypoxic, toxic and metabolic disorders. Cerebral 
edema is a frequent consequence of severe neonatal hy-
poxia-ischemia. In our model, brain edema of cytotoxic 
type developed until the critical phase of experimental 
pneumothorax in newborn pics [19], while the vasogenic 
component was seen only in the recovery period [3.8.1°] 
V> e have previously found in our model of neonatal as-
phyxia [2.18.1°]. that antihistamines could prevent hy-
poxic brain edema in newborn pigs [8], Histamine recep-
tor antagonists, not only H2-type but also H r type , have a 
protective effect on increased BBB permeability and brain 
edema formation in other animal models [5,7,12,16,20]. 
The protective effect of antihistamines suggested that 
histamine plays a pathogenetic role in cerebral edema 
formation in the neonatal period [9]. 
Cerebral microvessels contain primarily histamine re-
ceptors of H2-type that are linked to the endothelial 
adenylate cyclase [13], but the involvement of H r 
receptors has also been noted [8], Recent results of Butt 
and Jones [5] showed that histamine resulted in a 75% 
decrease in transendothelial electrical resistance in brain-
surface microvessels of rats and caused an increase in 
BBB permeability which was mediated via endothelial 
H2-receptors. 
From our comparative measurements, carried out si-
multaneously on venous blood, CSF and isolated mi-
crovessel samples of asphyxiated newborn pigs, the fol-
lowing conclusions can be drawn: 
(1) The rise of histamine content in the venous blood 
may originate from blood corpuscles and endothe-
lium. 
(2) The increase in histamine content of CSF in the early 
(15-min) reoxygenation phase may be interpreted as 
a reflection of histamine release from intracerebral 
sources, i.e. from neuronal elements and/or perivas-
cular mast cells. The release of histamine could de-
rive at least in part from the by-products of severely 
disturbed brain purine metabolism, i.e. free radicals 
liberation during posthypoxic reoxygenation [18], 
(3) The histamine content of brain microvessels in-
creased significantly at the end of the reoxygenation 
phase (180-min). This fact may be connected with 
triggering of selective albumin transport through the 
brain microvessels [3,6.19], The microvascular his-
tamine could be derived mainly from the brain inter-
cellular space. 
We showed that cerebral microvessels can take up 
histamine from the cerebral extracellular space during 
recovery from asphyxia in newborn pigs. Taking our pre-
sent in vivo data with results of previous observations, it 
may be concluded that, in cases of ischemic challenges, 
the cerebral endothelial cells can not only accumulate but 
also release histamine towards the blood circulation [10] 
and thereby take part actively in the elimination of his-
tamine from the extracellular space. 
Further studies are warranted to elucidate the nature 
and characteristics of histamine transporter operating in 
the cerebral endothelial cells. 
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Intracarotid histamine administration results in dose-dependent 
vasogenic brain oedema formation in new-born pigs 
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Introduction 
The existence of three pools of brain histamine (in neurons, 
perivascular mast cells, cerebral endothelium) suggests 
involvement of histamine released after physiological and 
pathological stimuli in neuronal transmission, regulation of 
cerebral blood flow and brain oedema formation [I]. Cerebral 
endothelial cells have been shown to take up histamine from 
either side but release it mainly luminally |2. 3]. Indirect 
evidence implicates histamine in the pathogenesis of 
neonatal brain oedema since histamine accumulated in 
brain compartments in asphyxia [5|. Studies with antihista-
mines suggested that H : receptors play a major role in the 
development of brain oedema in asphyxiated new -born pigs, 
but H, receptors also contribute |4|. The direct effect of 
histamine in neonates has not yet been reported. Histamine 
regulates the activity of cerebral endothelial acid phospha-
tase in vitro, and might influence blood-brain barrier (BBB) 
permeability by increasing endocytic transport [5]. The 
present study investigated the effects of intra-carotid 
histamine administration on brain oedema formation and 
endothelial acid phosphatase activity in new-born pigs. 
Materials and methods 
New-bom pigs of eitlie; sex (ii = 50: 4 - 8 hi 1.07-1.5b kg) were 
anaesthetised with pentobarbital t50 nig kg) and one umbilical artery 
was eatheterised to monitor cardiovascular, blood gas and acid-base 
paranteteis |b]. The rig!« internal carotid artery was eatheterised 
through the external branch and histamine (10 'mol-IC "mol in 0.5 
ml isotonic saline) was ghen by slow intra-aitcrial injection. The 
'external carotid aitery was then ligaicd. Experimental pr.vedures were 
approved by the Ethical Committee on \nimal lux estimation. Albert 
Sccnt-Gycrgyi Medical I'aixersiiy. Szeged. Hungary. 
The development of xasogenic brain oedema was measured 1 h 
after histamir.e injection, as the extras r.-ation of sodium fluorescein 
tSE. M\\ 57f. and Evan- Blue-labelled albumin i E.BA. MW 67.011.',. 
both iroiv. Sigma. Dyes were administered inti.wenou-.y in isoioir.c 
saline i2-r solutions. 5nt".kg"') 50rain after histamine Intravascular 
dyes '••ere removed by pe:fusion w idi 2(V ml kg i-oior.:c saline. Sera 
¡111.1 tissue samples tivmVre right cerebral conex were hemogeni/ed tn 
4 Deceased. 
f '.•r>v..;v-.</c':ce .v: M. \ Deli 
cold 7.5';• uicbloroacelic acid (3 m!) and centrifuged (10.000g for 
It)mill). Concemrations were measured in siipemtilants as previously 
described: the absorbance of EBA at 620 nm. and the fluorescence 
emission of SF at 52511111 (excitation wavelength 440nm) [6|. 
Extravasation was expressed as brain tissue concentration divided by 
serum concentration, ie (p.g dye nig - ' brain tissue)/!p.g dye p i - ' 
serum). 
Acid phosphatase (ortho-phosphoric monoester hydrolase. EC 
3.1.3.2.) activity was measured by the rate of hydrolysis of p-
nitroplienyl-phosphate (p-NPP) in isolated conical microvessels [51. 
Samples were incubated in 1ml 1.0 M acetate buffer (pH 5.5) 
containing 2.5m.\| p-NPP at 37 =C. After I h. 0.3 ml of IM NaOH 
was added and absnrhance was read at 4IOnm. Enzyme activity was 
expressed as 111L'mg"1 protein. 
Groups were compared using Kruskal-Wallis one way analysis of 
variance (ANOV.A) on ranks followed by Dunn's test. Correlation 
between acid phosphatase activity and BBB- permeability was 
determined by linear regression. 
Results and discussion 
Dose-dependent BBB opening was found in the cerebral 
cortex of new-born pigs 1 h after intra-carotid injection of 
histamine. There were statistically significant (p < 0.05) 
increases in permeability to both SF (Fig. 1 A3 and albumin 
(Fig. IB) at the highest doses. Histamine increased acid 
phosphatase activity in cortical microvessels. Linear correla-
tions were found between the enzyme activity and the BBB 
transport of both tracers. 
SF transport = 0.0265 \ [acid phosphatase activity] + 0.346 
tr = O.S95: n = 24: p < 0.001) 
EBA transport = 0.04" 1 x [acid phosphatase activity] — 
0.452 tr = 0.948: n = 2-i: p < 0.001) 
Intra-carotid histamine, at levels similar to those measured 
during asphyxia |3]. induced a rapid and dose-dependent 
increase in BBB permeability for both intravascular tracers 
and thus may contribute :o vasogenic brain oedema formation 
in new -boras. This neonatal porcine study agrees w ith results 
obtained in adult animals [I. 7] and in studies where 
antihistamines prevented brain oedema formation [1.4]. In a 
recent in xitro study, histamine increased the transcellular 
passage of albumin through the BBB. but not the perme-
ability for sucrose and inulin (paraeellular markers) [8]. 
Increased pmocyiotic activity was also seen after intra-
Inl lanim. r o s . Supplement I ( 1997 ) 
A SODMJM F L U O R E S C E I N T R A N S P O R T ce reb ra l c o r t e x 
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h i « t t m l n e ( m o l ) 
is lite first in vivo study suggesting a correlation between 
endothelial acid phosphatase activity and transendothelial 
transport alter histamine challenge. This enzyme takes part 
in the cndoeytic pathway lor transport of proteins through the 
BBB, but does not increase paracellular permeability [5|. 
perhaps explaining our in vitro demonstration of histaminc-
induced selective albumin permeation |8], Further studies 
w ill investigate the role of acid phosphatase isoenzymes in 
histamine-induced cerebral oedema formation. 
A< bum Icilgcmcnts. Suppo r t ed in part by Hungar ian Research Fund 
( O T K A F-12722) and U . S . - H u n g a r i a n Joint Research Funds ( JFNo . 
392) . W e thank Mrs ltdikii Wel l inge r and Mrs N g o Thi Khue D u n g for 
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F ig . I. D e v e l o p m e n t of bra in o e d e m a in new born pigs I h a f te r intra-
caro t id h i s t amine cha l lenge . B B B permeabi l i ty markers were S F ( A* 
and I BA (Bi Symbo l s indicate significant d i f f e r e n c e s ( p < 0 . ( ) 5 > 
c o m p a r e d to the fo l lowing t rea tments : a = 0 m o l . h = I O " m o t . 
c = 5 \ 10 " mol h i s tamine . 
carotid injection of histamine in adult rats |3|. Our present 
results accord with this, because albumin is supposed to pass 
through the BBB by pinoevtosis. while sodium fluorescein is 
thought to extras asate both para- and transcellularly. Tilts 
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SUMMARY 
Neonatal asphyxia may induce brain injuries. Development of cytotoxic and vasogenic edema 
was measured in frontal, parietal, occipital cortex, hippocampus, striatum, thalamus, internal capsule, 
cerebellum, pons, and medulla of newborn pigs in the following groups: control, asphyxia, and 3-h 
repcrfusion. Water content was significantly (P < 0.05) increased in parietal cortex and hippocampus 
during asphyxia, and in cortical regions, hippocampus, and striatum during recovery. Asphyxia-
repcrfusion resulted in increased Na4- and C.r'"-, but decreased K"-concentrations in several brain 
regions. Blood-brain barrier permeability for sodium fluorescein (mw: 376) was significantly 
increased in all regions but internal capsule and medulla in asphyxia, and in each region during 
repcrfusion. Evan's blue-albumin (mw: 67,000) efflux was unchanged in asphyxia, but significantly 
increased after repcrfusion in all regions. Increased permeability was also demonstrated by confocal 
laser scanning microscopy. Edema formation in the early postasphyxial period in porcine brain 
corresponded to the specific patterns of cerebral damage in human neonates. 
KEY WORDS: asphyxia, brain edema, blood-brain barrier, hypoxia-ischemia, newborn 
INTRODUCTION 
Perinatal hypoxia-ischemia may result in severe acute (intraventricular hemorrhage, brain 
edema) and chronic (periventricular leukomalacia, cerebral palsy, neurological sequelae) 
consequences in preterm and term newborns (1). A variety of cellular and molecular mechanisms 
© 199« Wiley-I.lss, Inc. 
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contributing to the development of brain damages in asphyxiated neonates has already been revealed 
(2-4). Recent magnetic resonance imaging studies provided data on the detection of brain injury 
during the very first hours of postasphyxial reperfusion (3,5-8). It was suggested that an impairment 
in ccrebral energy metabolism, such as elevated tissue lactate level or a decline in phosphocreatine/ 
inorganic phosphate ratio, might allow prediction of neurodevelopmental outcome of the affected 
infants during the early postasphyxial hours (3,7,8). However, few data were published about the 
regional patterns of brain injury of asphyxiated term newborns in the first days of life (3,6). 
Asphyxia or hypoxic-ischemic insults induced brain edema formation in newborn animals (9-
13). According to the classical neuropathological views, brain edema may have cytotoxic, i.e. water 
and electrolyte disturbances caused by cellular energy failure, and vasogenic, i.e. extravasation of 
serum constituents through the blood-brain barrier (BBB), components. A con-elation was reported 
between the duration of severe edema, and the degree of ultimate brain damage in immature rats (12). 
Neuronal susceptibility to hypoxia-ischemia was also correlated with the extent of BBB permeability 
that was closely related to maturation of the animal (13). It is known that albumin, similarly to other 
serum factors, extravasating into the cerebral interstitium may exert neurotoxic effect in vivo (14). 
The aim of the present study was to determine the rate of cytotoxic and vasogenic type brain 
edema formation and reveal the possible regional differences during neonatal asphyxia and early 
postasphyxial reperfusion in a porcine model highly resembling to the human conditions (9). 
MATERIALS AND METHODS 
Newborn pigs of either sex (n=4S. weight: 1040-1620 g, age:4-8 h) were anesthesized, 
tracheotomizcd, intubated, paralyzed, and ventilated. Bilateral pneumothorax (PTX) was induced as 
described in detail (9,15,16), and asphyxiated pigs developed hypoxemia, respiratory acidosis, 
hypertension, tachycardia during the induction. It was followed by cardiovascular and metabolic 
failure (severe hypotension, bradycardia, hypoxemia, combined acidosis), resuscitation, and a 
reperfusion period (transient tachycardia and hypertension, persistent metabolic acidosis). The 
experimental procedures were approved by the local Ethical Committee on Animal Investigation (No. 
ATB53). Three groups were formed (n=16 in each): (i) sham-operated control pigs not receiving 
intrapleural air: (ii) asphyxiated pigs in cardiovascular and metabolic shock; and (iii) pigs afier a 3-h 
postasphyxial reperfusion period. 
Development of cytotoxic brain edema was measured in each group (n=6), as it was previously 
described (9). Anesthesized pigs were given intravenous injection of KC1 (10%, 2.0 ml), then their 
brain was removed and samples from 10 regions (frontal, parietal and occipital cortex, hippocampus, 
striatum, thalamus, internal capsule, cerebellum, pons, medulla) were taken within 1 min. Wet weight 
of the samples was measured immediately, and percentage water content was determined after drying 
the tissue at 110 °C for 40 h (9). To determine electrolyte contents, dry brain tissues were ashed at 
550 °C for 20 h, then dissolved in 5 ml 3 M nitric acid (Suprapur, Merck), and diluted 10-fold with 
deionized water. Na* was measured at the wavelength of 330.3 nm, K' at 404.4 nm and Ca2* at 422.7 
ntn in an air-acetylene flame by a Perkins-Elmer 306 atomic absorption spectrophotometer, slit width 
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was 0.7 mm in all measurements. Values determined were expressed as mmol x kg'1 dry weight. 
Vasogenic brain edema formation was determined by the extravasation of sodium fluorescein 
(SF, mw: 376) and Evan's blue-labeled albumin (EBA, mw: 67,000), as it was described (17). Pigs 
(n=8 in each group) were given a solution of both traccrs in isotonic saline (2%, 5 ml x kg'1) in an 
intravenous injection 30 min before the end of the experiments. Intravascular dyes were removed by 
a perfusion with 200 ml x kg'1 isotonic saline. In the morphological study, a perfusion with 
Karnovsky fixative was also done. Then, brain slices were incubated in 20 % (w/v) sucrose solution 
overnight. After cryostat sectioning, the 100 pm thick specimens were mounted on microscope slides 
in Mowiol, and were viewed for optical sectioning with a Leica confocal laser scanning microscope 
(Heidelberg, Germany), equipped with an argon/krypton ion laser operating at 488 nm (SF 
cxcitation), and 564 nm (EBA excitation). SF emitted green, whereas EBA gave red fluorescence. In 
the quantitative study, plasma and tissue samples from 10 regions of perfused brain were 
homogenized in 3.0 ml of cold 7.5 % trichloroacetic acid, and centrifuged with 10,000 g for 10 min. 
The concentration of tracers was measured in supernatants by a Hitachi F2000 fluorimeter (Tokyo, 
Japan), the absorbency of Evan's blue at 620 nm, whereas the emission of SF at 525 nm after 
excitation at 440 nm. Extravasation was expressed as brain tissue concentration divided by plasma 
concentration, such as pg dye x mg"' brain tissue x (pg dye x pi'1 plasma) '1 for both dyes. 
Data presented are means ± S.E.M. Values were compared between groups using the Kruskal-
Wallis one way analysis of variance (ANOVA) or Friedman's repeated measure ANOVA on ranks 
followed by the Student-Newman-Keuls test. Differences were considered significant at P < 0.05. 
RESULTS 
Transient hypertension and tachycardia, as well as progressive hypoxemia with respiratory 
acidosis were seen in both asphyxiated groups after the induction of PTX (data not shown). 
Cardiovascular and metabolic failure developed 58.7 ± 1.2 min after the beginning of PTX in 
asphyxia group, and 60.3 ± 2.0 min (N.S.) after that in reperfusion group (Table I ). 
Table 1 Clinical data of newborn pigs 
Animal group control asphyxia reperfusion 
Weight (g) 1309 ±48 1299 ±49 1338 i 38 
Heart rate (min1) 164 ± 6 58 ± 2 ' 162 ± Sb 
Blood pressure (kPa) 7.69 ±0.35 . 3.77 ±0.13* 7.16 ± 0.39" 
Arterial pH 7.38 ± 0.02 6.90 ± 0.04* 7.22±0.04*J> 
Arterial HCO,"1 (mM x 1') 23.1 ±0.6 11.0 ±0.9* 17.3 ± 1.4*-b 
Arterial pCO, (kPa) 4.76 ± 0.26 11.39 ±0.94* 5.90 ± 0.33*-b 
Arterial p02 (kPa) 11.20 ±0.60 2.78 ± 0.34* 7.89 ± 0.38*,b 
All values are means ± S.E.M.. n=16 in each group. Values differed significantly (P < 0.05) from 
data measured in a: control group, b: asphyxia group. 
• 
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A transient, but significant (P < 0.05) hypertension was also observed 10 min after 
resuscitation in reperfusion group: mean arterial blood pressure was 13.18 ± 0.57 kPa vs. the basal 
value in the same group (7.38 ± 0.27 kPa. n=16). A moderate, mainly metabolic acidosis with 
hypoxemia was also present after a 3-h reperfusion period (Table 1). 
Though there were significant (P < 0.05) regional differences in the distribution of fluid in the 
brain of control animals: water content was higher in all cortical regions and hippocampus compared 
to that in other regions, we could not find similar changes in the distribution of electrolytes (Fig. 1). 
Brain water content tended to be elevated in all regions observed during PTX and significant (P < 
0.05) fluid accumulation was seen in parietal cortex and hippocampus in asphyxia group and in the 3 
cortical regions, in hippocampus and striatum during postasphyxial recovery (Fig. 1A). Asphyxia 
nnd reperfusion also resulted in increased Na'- (Fig. IB) and decreased K*- concentrations (Fig. 1C) 
in several brain regions investigated. Cerebral CaJ*-content (Fig. ID) was significantly (P < 0.05) 
elevated in frontal cortex, hippocampus, striatum and thalamus in both asphyxiated groups, and also 
in parietal cortex and internal capsule in the reperfusion group. 
FR PA OC H I ST T H CI C E PO MP. F R PA O C HI S T TH CI CE PO ME 
KR P A OC HI ST T H CI C E PO M B F R PA O C HI ST TH CI CB PO ME 
M P ! control asphyxia r epe r fus ion 
Figure I Development of cytotoxic brain edema in newborn pigs during asphyxia and reperfusion. 
Changes in percentage water content (A) and the concentrations (mmol x kg ' dry weight) of sodium 
(B). potassium (C) and calcium (D) are seen in 10 brain regions (FR, frontal cortex; PA. parietal 
cortex: OC. occipital cortex: HI. hippocampus; ST. striatum; TH. thalamus; CI. internal capsule; CE, 
cerebellum; TO, pons; MF. medulla). All values are means ± S.E.M., n=6 in each group. Values 
differed significantly (P < 0.05) from data measured in a: control group and b: in asphyxia group. 
NEllROSf "IENCE RESEARCH ( O M i M l ' N I C A I IONS, \ OL. 2?. NO. 3 177 
Figure 2 Confoeal laser scanning imaging showing the same field in the parietal cortex of a 
newborn pig after a 3-h postasphwia! reperfusion period tbar -50 pm). Cnostat section was scanned 
for the presence of Evan's blue (a.c). or sodium fluorescein (b,d). the pictures are either original 
scans (a.h), or evaluated by the image analyzer (c.d). A perivascular staining for Evan's blue (a.c), 
and a more diffuse permeability for sodium fluorescein (h.J) can be seen, respectively. 
Morphological studies with confoeal laser scanning microscopic technique revealed increased 
BBD permeability for sodium fluorescein and in a lesser extent for Evan's blue-bound albumin after 
neonatal asphyxia in pigs. Figure 2 shows a localized, perivascular extrnvasation of Evan's blue-
albutnin. ami a diffuse penetration by sodium fluorescein in a representative cortical region of 
porcine brain after 3 h of postasphyxial reperfusion. 
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Figure 3 Development of vasogenic brain edema in newborn pigs during asphyxia and recovery. 
Changes in blood-brain barrier permeability (A) for sodium fluorescein (SF), and (B) for Evan's 
blue-albumin (EBA) are seen in 10 brain regions (FR. frontal cortex; PA, parietal cortex; OC, 
occipital cortex; HI, hippocampus; ST, striatum; TH, thalamus; CI, internal capsule; CE, cerebellum; 
PO, pons; ME, medulla). All values are means ± S.E.M., n^8 in each group. Values differed 
significantly (P < 0.05) from data measured in a: control group and b: in asphyxia group. 
There were regional differences in the permeability of BBB for SF but not for EBA in control 
animals: the extravasation of SF was significantly (P < 0.05) higher both in pons and medulla than 
that in other brain regions (Fig. 3). Asphyxia resulted in significantly (P < 0.05) increased BBB 
transport of SF in all regions, except for the internal capsule and medulla (Fig. 3A). In reperfusion 
group, the blood to brain transport of SF further increased and became significant in each region. The 
BBB permeability for EBA in asphyxia group did not differ significantly from data measured in 
control group, but it increased significantly (P < 0.05) in all regions examined in reperfusion group 
compared to the values measured in control group (Fig. 3B). After a 3-h postasphyxial reperfusion 
period, the highest relative elevations (8- to 9-fold) in albumin flux compared to values measured in 
controls were seen in thalamus, striatum, and parietal cortex (Fig. 3B). 
DISCUSSION 
In the present study, neonatal asphyxia resulted in abnormal cerebral accumulation of fluid and 
electrolytes and an increased BBB transport for sodium fluorescein tracer, but not for albumin, in a 
region-dependent manner in newborn pigs. A 3-h reperfusion period further aggravated these 
changes, and also caused a significant albumin extravasation into the brain tissue. Our quantitative 
data obtained on 10 brain regions confirm the validity of recent intravital observations on pial 
tnicrovcssels using the open cranial window technique in the same model (18,19). We have found a 
BBB opening for SF in the critical phase of asphyxia, whereas the extravasation of fiuorescein-
labelled dextrin (mw: 40.000) was only seen in the recov ery period (18.19). We proved that neonatal 
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asphyxia and repcrftision could induce both cytotoxic (water and electrolyte disturbances caused by 
cellular energy failure) and vasogenic (extravasation of serum components through BBB) type of 
brain edema,in our model. The opposite changes in total Na+- and K.+- concentrations in brain-tissue 
samples may suggest a disturbance in the activity of Na+-,K+,-ATPase pump, while the elevated Ca2*-
concentration may be a consequence of a net cellular uptake of calcium (3). 
In a porcine model of transient cerebral hypoxia-ischemia, no significant decrease in the 
apparent diffusion coefficient of brain (a change reflecting the redistribution of water in favor of 
intracellular compartment, i.e. cytotoxic edema) was found in "medial" and "lateral" gray matter at 
2-4 h after resuscitation (3,20). In this study, the abnormal diffusion became statistically significant 
21 h after the hypoxia-ischemia, and a strong linear correlation was seen between this parameter and 
diminished phosphocreatine/inorganic phosphate ratio during the "secondary" failure of energy 
metabolism (20). Our present data suggest that loss of cellular osmoregulation leading to cytotoxic 
edema formation may occur soon after the "primary" energy failure in some particular brain regions. 
The concomitant postasphyxial increase in the BBB permeability for albumin, especially in the 
regions of thalamus, striatum, or internal capsule, may also have some clinical relevance. 
In the present study, we have found a biphasic increase in the BBB permeability. Asphyxia 
caused a prolonged Increase in permeability for sodium fluorescein, a small molecular weight tracer 
(mw: 376) thought to be a paracellular permeability marker, whereas extravasation of Evan's blue-
bound albumin (mw: 67,000), a transendothelial tracer, increased only in reperfusion. The BBB 
passage of a molecule after a noxious stimulus not necessarily correlates with the molecular weight 
of the tracer, because some other factors, such as lipid solubility or presence of a specific transport 
process, may also influence it. In our model, insulin concentration was elevated in the cerebrospinal 
fluid during postasphyxial reperfusion (16), which can be mediated by either an increase in receptor-
mediatcd transcytosis of insulin (mw: 5,778) through the BBB, or an increased cerebral synthesis. 
On the other hand, blood to brain transport of [l4C]sucrose (mw: 342) was unchanged after 20 min of 
cerebral ischemia followed by 30 min of reperfusion and significant increase was only seen after 2 h 
of repcrftision in newborn pigs (11). In contrast to these observations, a resistance to the 
development of brain edema formation in neonates was suggested by Stonestreet et al. (21), based on 
a study in which BBB integrity was maintained for sodium ("T>la or 24Na) and [,4C]mannitol (mw: 
182) in the brain of the newborn pig exposed to severe systemic hypoxia/liypercapnia and 
phlebotomy-induced hypotension. However, the Mood to brain transfer of these tracers was measured 
in whole brain 1 and 24 h after the noxa and i:T-serum albumin was used to determine the brain 
vasculature space (21). It is assumed thai regional differences in BBB permeability, as well as 
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albumin extravasation from cerebral vessels during recovery might modify the accuracy of these 
measurements (21). Another important difference that in our model of asphyxia, similarly to the 
clinical situation, hypertensive periods developed during induction of PTX and early recovery. 
Hypertension results in irreversible cerebral vasodilation in newborn pigs and may be a predisposing 
factor to the subsequent BBB damage (15). Interestingly, a dramatic increase in permeability for 
albumin, but no significant change for sodium fluorescein, was found in the 4-vesse! occlusion 
model of cerebral ischemia-reperfiision in adult rats (22). Species-, age-, and stimulus-specific 
differences are thought to be responsible for the controversial findings about the BBB permeability 
obtained on different animal models. 
A wide variety of inter-related factors, such as ATP depletion, ionic imbalances, oxidative 
stress, up- and down-regulation of specific genes, release of excitatory neurotransmitters and other 
mediators, neuronal apoptosis and necrosis, can contribute to the development of postasphyxial brain 
damages in neonates (2-4,23). There is a growing evidence that cyclic nucleotides, free radicals, 
cxcitotoxins, prostanoids and other lipid mediators, vasoactive amines, and cytokines are among the 
factors implicated in the pathogenesis of brain edema formation in asphyxiated newborn pigs (Si-
ll,17-19,24-31). 
This report is the first to compare the regional changes in cytotoxic and vasogenic brain edema 
formation in a clinically relevant model of neonatal asphyxia-reperfusion. It also provide information 
unavailable in human studies about the BBB permeability during asphyxia and first hours of 
recovery. Reccnt prospective clinical investigations using magnetic resonance imaging (5,6) revealed 
specific patterns of brain injury in asphyxiated full-term newborns in the first 10 days of life. These 
findings include: (i) gray matter damage (edema in thalami, globi pallidi. posterior putamina, caudate 
nuclei); (ii) predominant damage of cerebral cortex and subcortical white matter, (iii) periventricular 
white matter injury; and (iv) mixed injury pattern. Postasphyxial edema formation, especially the 
increased albumin permeability, in porcine brain corresponds to the specific regional patterns of 
cerebral damage in human neonates. Our model offers the possibility to scan drugs for their potential 
to prevent asphyxia-induced brain damages. 
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Abstract 
Asphyxia and reperfusion induced changes in the plasma and cerebrospinal fluid (OSF) concentrat ions of o-melanocyte-st iniulat ing 
hormone (a-MSII) were studied in newborn pigs using a specific radioimmunoassay technique. Cardiovascular and metabolic failure 
induced by neonatal asphyxia resulted in a 3-fold, significant (P < 0.05) increase in plasma CT-MSH levels, whereas the hormone concentration 
in C'SF was significantly (P < 0 .05) rcduccd by 50% during postasphyxinl reperfusion. Our data indicate an asphyxia-induccd release of 
rr-MSH, and suggest a discordant regulation of plasma and C'SF concentrations in newborn pigs. ©2001 Elsevier Science Inc. All rights 
reserved. 
Keywords: Asphyxia; Cerebrospinal fluid; «-melanocyte-stimulating hormone; Newborn; Plasma; Resuscitation 
1. I n t r o d u c t i o n 
a-melanocyte-stimulating hormone (a-MSH), a tridc-
capeptide derivative of proopiomelanocortin (POMC), is 
processed in the pituitary gland and released from the in-
termediate lobe after various stimuli. The release of a-MSH 
is regulated by tuberohypophysial dopaminergic neurons, 
but /3-adrenergic system, peripheral circulating epinephrine, 
and hypothalamic histaminergic neurons might also mediate 
this process during stress [9,13], Similarly to other adreno-
corticotropin (ACTH)-rclated mclanocortins, a-MSH can 
cross the blood-brain barrier (I3BI3) [5], thereby the blood-
borne hormone may affect brain functions [4], On the other 
hand, receptors for a-MSH, with an apparent molecular 
weight of 45 kDa, are expressed by cercbral microvascular 
endothelial cells [7], and melanocortins can also have an 
effect on the BBB permeability for other solutes [5], 
Perinatal stress increases a-MSH secretion of human 
pituitary intermediate lobe, but this activity declines shortly 
after birth [16], Intraperitoneal (i.p.) administration of 
a-MSH induces hypothermia, increases learning capacity, 
* Corresponding author. Tel.: +36-62-545-333; Tax: +36-62-545-329. 
E-mail address: kovacsjo(«)pedia.szote.u-s7cged.hu (J. Kovacs). 
and elevates the level of pain threshold in newborn rats [26], 
Perinatal asphyxia, with its attendant bradycardia and hy-
potension, results in ischemia-reperfusion injury in several 
organs including brain [10], We have proved in a porcine 
model of bilateral pneumothorax [23] that neonatal as-
phyxia and reperfusion cause brain edema formation [2] and 
deterioration of ccrcbral circulation [3]. Neonatal hypoxic 
cardiovascular failure also resulted in elevated histamine 
release [14], which might influence endogenous a-MSH 
levels. On the other hand, a potential pharmacological ap-
plication of exogenous a-MSH during resuscitation [11] 
and in the prevention of postischemic organ injuries [6,12] 
raised the question how a-MSH levels in body fluids would 
change during pathologic conditions. Therefore, the aim of 
this study was to determine the effect of asphyxia and 
reperfusion on the plasma and cerebrospinal fluid (CSF) 
concentration of a-MSH in newborn pigs. 
2. Methods 
2. /. Animal study 
Experimental procedures followed the National Institute 
of Health (Bethesda, MD, USA) Guidelines for the care and 
0196-9781/01/$ - see front matter © 2001 Elsevier Science Inc. All rights reserved. 
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use of laboratory animals, and were approved by local 
Ethical Committee on Animal Investigation (No: ÁTB 53). 
Twenty newborn pigs (age: 4-9 It; weight: 1,180-1,600 g) 
were included in this study. After general (kctaminc, 10 nig 
X kg - 1) and local (lidocnin, 1.0 ml, 1.0 voI%) anesthesia 
one of the umbilical arteries was cathetcrizcd. Then the 
animals were trachcotomizcd, intubated (2.5-3.0 Portcx 
tubes), paralyzed (pipecuronium bromatiiin, 0.2 ml X 
kg""1), and given a-chloralose (30 nig X kg -1). We started 
artificial ventilation using a volume-stable, pressure-limited 
infant animal respirator. The initial ventilator parameters 
were: fraction of inspired oxygen: 0.21, tidal volume: 12-16 
ml, frequency: 40 X min - ' , inspiratory time: 0.75 s, peak 
inspiratory pressure: 1.2-1.6 kPa. Heart rate and mean ar-
terial blood pressure were monitored by a Statham P230 
transducer, whereas blood gas (partial oxygen and carbon 
dioxide tension) and acid-base parameters (pl I, standard 
bicarbonate) by a Radiometer ABL-330 equipment, as it 
was described [2,3,14.23V 
Asphyxia was induccd to 12 animals according to the 
bilateral pneumothorax model established by Temesvári et 
al. [23]. In brief, drains were inserted bilaterally into pleural 
cavitics, and the intrapleural pressure was gradually in-
creased by inflation of air (0.1-1.2 kPa) to inducc hypox-
emia, respiratory acidosis, arterial hypotension, and tachy-
cardia. Pneumothorax resulted in cardiovascular and 
mctabolic failure (severe hypotension, bradycardia, severe 
hypoxemia with combined acidosis) within I h in ventilated 
newborn pigs. Then, the intrapleural air was removed, and 
newborn pigs were subjected to cardiopulmonary resuscita-
tion followed by a 180-min postasphyxial reperfusion pe-
riod [2,3,14,23]. Samples of blood from the internal jugular 
vein and CSF from cistcrna magna were taken prior to the 
induction of pneumothorax, at critical asphyxia, as well as 
after 15 and 180 min of reperfusion. Samples of sham-
operated control animals (n = 8) not receiving intrapleural 
air were taken before, as well as 60, 75, and 240 niin after 
the beginning of the experiments. 
2.2. Radioimmunoassay of a-MSH 
The a-MSH radioimmunoassay (RIA) procedure was 
performed as previously described in detail [20,24,25]. 
Briefly, the antiserum produced in rabbit gave a cross-reaction 
with dcs-acctyl n-MSH (68%), and AC'TIl 1-24 (0.2%). Less 
than 0.01% cross-reaction was detcctcd with various ACT1I 
fragments (1-39,1-32,1-16,1-10.1-8,4-10.11-24,12-24), 
and the POMC-rclatcd peptides /3-cndorphin, /3-lipotropin, 
and N-terminal fragment of POMC. The intra-assay coeffi-
cients of variation at 62.5, 125, 250, and 500 pg/tubc were 
8.8, 5.0, 9.7, and 9.2%, while inter-assay coefficients were 
11.7, 13.4, 14.9, and 17.9%, respectively. 
Before assay procedure, n-MSH was extracted from 
plasma with ethanol, as it was dcscribcd previously [24,25], 
The concentration of n-MSll in CSF was determined as 
follows. CSF samples were lyophilizcd, the residues were 
re-dissolved in RIA buffer, and subjected to the procedure 
dcscribcd earlier. Identity of a-MSH was verified by HPLC 
technique [24,25]. All samples were measured in duplicate, 
and in the same assay from a particular experiment. 
2.3. Statistical analysis 
All data presented are means ± S.E.M. Time-dependent 
changes in plasma and CSF hormone levels were evaluated 
by one way analysis of variance (ANOVA) using the SPSS 
9.0 statistical software (Chicago, IL, U.S.A.). Either the 
parametric Schcffe's test (blood pressure) or the non-para-
metric Dunnett T3-tcst (all other data) post hoc test was 
used for multiple comparisons depending on the result of 
the Levene test for equal variances. P < 0.05 values were 
considered significant changes, though in case of a-MSH 
measurements trends (P < 0.10) were also indicated. 
3. Results 
Clinical data of newborn pigs (Table 1) were similar to 
previously published results obtained on the same bilateral 
pneumothorax model [2,3,14,23]. Induction of pneumotho-
rax resulted in temporary tachycardia, hypertension, and 
hypoxemia with respiratory acidosis (data not shown), and 
later, within 56 ± 2 min, in cardiovascular and mctabolic 
failure (Table 1) with bradyarrhythmia [heart rate: Levene 
statistic (7,72) = 2.664, P = 0.017; ANOVA F(7,72) = 
73.869, P < 0.001], severe arterial hypotension [blood 
pressure: Levene statistic (7,72) = 2.080, P = 0.057; 
ANOVA F(7,72) = 36.442, P < 0.001], combined acidosis 
[pH: Levene statistic (7,72) = 2.754, P = 0.014; ANOVA 
F(7,72) = 45.565, P < 0.001; standard bicarbonate and 
partial C02 tension data not shown], and hypoxemia [partial 
0 2 tension: Levene statistic (7,72) = 2.217, P = 0.043; 
ANOVA F(7,72) = 14.610, P < 0.001], Then intrapleural 
air was removed, and a moderate mctabolic acidosis with 
hypoxemia persisted during 3 h of reperfusion (Table 1). 
Cardiovascular and arterial blood parameters remained un-
changed in control group (Table 1). 
Asphyxia resulted in significant increase in plasma 
a-MSH concentration (Fig. 1.). Test of homogeneity of 
variances proved that our data in the 8 experimental groups 
were inliomogcncous [Levene statistic (7,72) = 5.588, P < 
0.001], but the changes found to be highly significant by 
ANOVA [F(7,72) = 4.744, P < 0.001]. However, we could 
find only 3 significant inter-group differences using the 
Ounnctt T3 post hoc test for multiple comparisons, namely 
plasma a-MSH values measured after asphyxia in pneumo-
thorax group significantly differed from basal values in 
control [F = 0.022] and pneumothorax [P = 0.011] groups, 
as well as data measured in the end of experiment in control 
group [F = 0.045] (Fig. 1.). A trend for difference [P = 
0.100] was also seen between asphyxia and R180 values in 
pneumothorax group. 
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Table I 
Physiological parameters of newborn pigs 
Time Basal Asphyxia RI5 R180 
Mean arterial blood pressure (niml Ig) 
Control 63 ± 3 62 ± 4 63 ± 3 61 ± 4 
Ptx 66 ± 3 21 ± 1* 75 ± 3 53 ± 39' 
Heart rate (min ' ) 
Control 156 ± 4 155 ± 4 153 ± 6 154 ± 4 
Ptx 155 ± 5 57 ± 7* 176 ± 6 147 ± 41 
pll 
Control 7.39 ± 0.02 7.37 ± 0.03 7.37 ± 0.03 7.36 ± 0.03 
Ptx 7.40 ± 0.02 6.85 ± 0.05* 7.02 ± 0.02" 7.16 ± 0.02 
Partial 0 2 tension (mmHg) 
Control 69 ± 2 63 ± 3 59 ± 6 56 ± 4 
Ptx 71 ± 5 27 ± 2* 47 ± 3 " 48 ± 4 " 
Values represent means ± S.E.M., n = 8 in control group and n = 12 in pneumothorax (ptx) group. Basal parameters and values measured in asphyxia 
and 15 min (RI5) and 180 min (R180) of repcrfusion in ptx group were compared to data obtained on appropriate control animals. Statistical analysis was 
done by ANOVA followed by Scheffe 's (blood pressure) or Dunnctt T3 (heart rate, pi I, partial O, tension) post hoc tests for multiple comparison. 
* P < 0 .05 different from all the values measured in the remaining 7 groups. 
11 P < 0.05 different from the values measured in asphyxia and RI5 in ptx group. 
" P < 0.05 different from all values in control group and from basal and asphyxia values in ptx group. 
** P < 0.05 different from all the values measured in the remaining groups except for that in RI5 in ptx group. 
< 0.05 different from basal and asphyxia values measured both in control and ptx groups. 
Surprisingly, bilateral pneumothorax induced a signifi-
cant decrease in CSF a-MSH concentration (Fig. 2.). Vari-
ances vverc also inhomogeneous [Levenc statistic (7,72) = 
2.660, P = 0.017], but the changes were significant 
200 -| 
Basal A s p h y x i a R 1 5 m i n R 1 8 0 m i n 
d l control HHJ ptx 
Fig. I. Asphyxia-induced changes in the plasma a -MSH concentrations in 
newborn pigs suffering from pneumothorax (ptx; filled bars). Basal hor-
mone levels, and concentrations measured in asphyxia and 15 min (RI5) 
and 180 min (R180) of repcrfusion were compared to data obtained on 
appropriate control animals (open bars). Statistical analysis was done by 
ANOVA followed by Dunnett T3 post hoc test. *P < 0.05 significantly 
differs from the basal values measured in control group. Significant dif-
ferences are indicated OP < 0.05 from the basal value, a n d & P < 0.05 from 
concentration measured in asphyxia in ptx group. 
[F(7,72) = 4.673, P < 0.001], After 15 min of repcrfusion, 
CSF a-MSH values measured in pneumothorax group were 
significantly lower than basal values in control [P = 0.036] 
and pneumothorax [P = 0.027] groups (Fig. 2.). Trends for 
difference were seen between RI80 value in pneumothorax 
Bnsa l A s p h y x i a R 1 5 m i n R 1 8 0 min 
Cm control MR ptx 
Fig 2. Asphyxia-induced changes in the CSF a-MSH concentrations in 
newborn pigs suffering from pneumothorax (ptx; filled bars). Basal hor-
mone levels, and concentrations measured in asphyxia and 15 min (RI5) 
and 180 min (RI80) of repcrfusion were compared to data obtained on 
appropriate control animals (open bars). Statistical analysis was done by 
ANOVA followed by Dunnett T3 post hoc test. *P < 0.05. and HP < 0.05 
significantly differ from the basal values measured in control and ptx 
groups, respectively. 
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group and basal values in control [/' = 0.053] and pneu-
mothorax [P = 0.058] groups. 
4. Discussion 
In the present study, asphyxia resulting in hypoxemic 
cardiovascular and metabolic failure inditccd an increase in 
plasma n-MSH level in newborn pigs. It is known that 
perinatal stress also causcs an acutc release of ACTH-
related peptides including «-MSH in human neonates [16]. 
This report is the first to describe a decrease in CSF con-
centration of a-MSH during postasphyxial repcrfusion in 
newborn pigs. The dissimilar changes found in the hormone 
levels in plasma and CSF may be explained by different 
mechanisms responsible for the regulation of «-MSII levels 
in plasma, CSF, and brain [9,18,20,21], Plasma «-MSH is 
derived from the pituitary, whereas CSF «-MSH from the 
central nervous system, which may suggest a differential 
sccrction of a-MSH [9]. Similarly, dnig-induccd changcs 
[20] orcircadian variations [18,21] in the release of «-MSH 
from the pituitary and various brain areas arc also not 
synchronous. On the other hand, «-MSH found in CSF 
might derive from blood to brain transport, too [5,8]. Banks 
and Kastin confirmed that a-MSH crosscs the BBI3 by a 
nonsaturable process [5], thereby a blockade of a-MSH 
transport due to hypoxic cncrgctic failure seems unlikely. 
However, CSF «-MSH has a short half-time disappearance 
[8], so increased plasma supply or even elevated brain 
interstitial concentration not necessarily results in rapid 
changes in «-MSH level in CSF from cistema magna, sup-
posing an asphyxia-induced increase in the binding of 
a-MSH to mclanocortin rcccptors. 
Porcine model of pncumothornx-induccd cardiovascular 
failure [2,3.14,23] is suitable for studying neuroendocrino-
logical changcs during perinatal stress. In the same model, 
our data indicated an asphyxia-induced release of histamine 
into blood and CSF, and it was suggested that ccrcbral 
microvessels might be involved in the elimination of hista-
mine from brain interstitial fluid [14], Neonatal pneumotho-
rax also increased cerebrovascular permeability for sodium 
fluorescein (MW: 376 Da), and Evan's blue-albumin (MW: 
67 kDa) [2]. Brain endothelial cells express mclanocortin 
rcccptors [7], and «-MSH might alter BBB transport of 
different substanccs [5]. A co-incidcncc was seen between 
the increases in the BBB permeability [2], and «-MSH 
release into the circulation during asphyxia and repcrfusion. 
We assume that local delivery of histamine by hypothalamic 
histamincrgic neurons is, at least partly, responsible for the 
n-MSH release in asphyxiated newborn pigs, though sig-
nificant increase in histamine concentration of CSF origi-
nated from cistcrna magna was only seen after 15 min of 
postasphyxial repcrfusion [14], 
The biological significance of the changcs in «-MSH 
concentrations during neonatal asphyxia-repei fusion re-
mains to be elucidated. «-MSH is a member of the main 
endogenous anti-analgcsic system, and it also plays a role in 
ncuroimmunomodulatory host reactions including fever, in-
flammation and shock [15]. Anti-inflammatory effects of 
a-MSH thought to be bénéficiai in myocardial infarction, 
rheumatic disorders, endotoxemia, and human immunode-
ficiency virus-1 (IIIV-1) infection [15]. It was suggested 
that administration of pharmacological doses (160 ¡ig X 
kg ') of exogenous «-MSH into blood might be a simple, 
non-toxic fust-aid treatment during resuscitation of pro-
longed respiratory arrest or hemorrhagic shock [11], Exper-
imental cvidcnccs are accumulating that a-MSH also pro-
vides protection against ischcmia-reperfusion injury of 
brain stem [12], and kidney [6]. The neurotrophic effects of 
a-MSH arc mediated by various neuronal mclanocortin 
rcccptors couplcd to G proteins and cyclic AMP signal 
transduction pathway [4]. On the other hand, a-MSH exerts 
some anti-cytokinc pcptide-likc cffccts on peripheral mac-
rophages and neutrophil leukocytes [15]. It is known that 
neonatal hypoxia-ischcmia stimulates the expression of cy-
tokines including tumor nccrosis factor (TNF)-a [221, 
which mediator induces cerebrovascular changes and in-
creases the BBB permeability in newborn pigs [1,17]. Be-
cause a-MSH can directly inhibit, the production ofTNF-a 
[ 19], one can not exclude that an asphyxia-induced decrease 
in «-MSH concentration in the brain interstitial fluid may 
further aggravate the adverse effect of this cytokine. How-
ever, according to our best knowledge there is no paper 
published about the possible thcrapcutical effect of exoge-
nous a-MSH on organ injuries evoked by neonatal hypoxia-
ischcmia. 
In conclusion, our data indicate an asphyxia-induced 
release of n-MSH, and a discordant regulation of plasma 
and CSF concentrations in newborn pigs. 
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